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PREFACE TO THIRD EDITION 


In the ten years since first publication, the Waterworks Handbook has* 
been found useful by many persons besides waterworks designers and superin- 
tendents. It has gone into a number of distant countries; it was used in large 
numbers by Army Engineers in the World War. In preparing the third 
edition the authors have tried to make it serviceable to irrigation, power, 
railroad, highway and other engineers, contractors and executives. How- 
ever, the book is primarily a tool for waterworks men. 

Since the second edition, progress has been made in the many arts upon 
which waterworks practice is based, and many new statistical data have 
accumulated. Advantage has been taken of these in the selection of new 
material. Parts of the Handbook have been written anew. There has been a 
re-arrangement of certain parts. Some passages in earlier editions which 
proved to be less useful have been omitted for lack of space. It is impossible 
to compr^s all the valuable material in waterworks literature and practice 
into one book, or to have the very latest advances recorded therein, when it 
reaches^ the purchaser. Acquisition of knowledge continues apace while 
proofreaders and pressmen are at work. 

This compilation is necessarily a condensation of numerous experiences 
and excerpts from technical literature. This literature is available in several 
technical libraries. So far as practicable reference to sources of information 
is made in the bibliography at the end of each chapter. This affords oppor- 
tunity for the reader interested in fuither research to order the full citation 
from the Engineering Societies Library, or some other library rich in technical 
journals. Large libraries are prepared to furnish photostatic reproductions 
of any printed jiage for a small charge. 

The references to the bibliographies arc small bold-face numbers placed 
slightly above the line and adjacent to the subject matter. For example,*' the 
figure 6 , in the last line of page 373 refers to ref. 6 in the bibliography oit 
page 380. 

The bibliographies and the copious references throughout the text are 
more complete than in previous editiohs. The index has been improved and 
the self-irideidng features of the arrangement and headings have been retained. 

The authors express their thanks to many friends for their numerous and 
helpful suggestions and for data which have been utilized in the Handboo]|i 
Credits have been given in the text so far as feasible and omission of 
list of names here is not to be construed as a lack of gratituide. f 

Toe AuTHomlr 


November j 1923 




PREFACE TO FIRST EDITION 


This book gives a usable compilation of information, old and new, for the 
waterworks engineer and superintendent, the designer, constructor, operator 
and inspector. The materials have been accumulated by the compilers in the 
course of their practice in various branches of waterworks engineering. The 
user is assumed to have some familiarity with mathematics, hydraulics, the 
natural sciences and waterworks construction, operation and maintenance, 
and to possess ordinary mathematical tables. For some cases, instead of rules 
or formulas, data have been given, from which the engineer can make his own 
determinations, exercising his judgment in accordance with local conditions 
and other data which he may possess. Mention of materials, apparatus, 
equipment, methods, formulas, persons or business concerns, does not neces- 
sarily imply approval by the compilers. Acknowledgment of large indebted- 
ness to luany persons is here made, especially to John H. Gregory, and 
Thomas C. Atwood, who read the proofs and made numerous helpful sugges- 
tions; credit to many others is given throughout the text. 

For^onvenience of reference the book has been made partially self-indexing 
by grouping most of the contents under the following topics, naturally 
arranged: Sources of Supply; Collection and Works Therefor; Transportation 
by Aqueducts, Pipes, and Other Conduits; Distribution, Hydrostatics and 
Hydraulics; Materials Much Used in Waterworks; and Treatment by Filtrar 
tion, Aeration, Chemicals and Other Means. Each topic is divided on natural 
and obvious lines and its divisions arranged sequentially. Material not 
readily classified under the above topics has been assembled under the heading 
of Miscellany on p. 635 et seq. « 

Specifications (c.gf., for water towers) have been stripped of obvious and 
usual non-technical matter and •minor words and the substance packed into 
little space. The user will, of course, amplify and arrange in proper fonn 
when preparing a contract. Much information which will be useful in 
preparing specifications has not been so labelled, but has been put inW 
natural places in the text. 


New YoBk, 


The Authors. 
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“ IT F WE only take into consideration the abundant supply of 
JL water to the public, for baths, ponds, canals, household 
purposes, gardens, places in the suburbs, and villas; jind then 
reflect upon the distances that are traversed, the arches that have 
been constructed, the mountains that have been pierced, the 
valleys that have been filled up, we must of necessity admit that 
there is nothing to be found more worthy of our admiration 
throughout the whole universe.” (Pliny) 



WATERWORKS HANDBOOK 

PART 1 

SOURCES OF WATER SUPPLY 

CHAPTER 1 

RAINFALL OR PRECIPITATION 

Value of Rainfall Data. Rainfall statistics have been systematically col- 
lected U. S. Weather Bureau for nearly 55 years, and cover practically 
the whole country. Although the engineer is interested primarily in run-off 
data, their meagerness and brevity in comparison with those on rainfall force 
him often to fall back on rainfall statistics for approximating stream flow, and 
for studying prolonged dry periods. Similarly, in studying spillway and 
culvert capacity, use can be made of rainfall data to indicate the greatest 
flow to be expected. 


RAIN GAGES* 


U. S. Weather Bureau standard gage consists of a galvanized-iron 
can, 8 in. in diam., and 20 in, high, provided with a funnel-shaped top, tightly 
fitting, which has a sharply beveled brass rim, accurately circular, so as to 
catch only the rainfall on a definite area. The bevel is on the outside, so that 
water striking it does not splash into the can. The funnel has an opening 
(made^ small to prevent evaporation) into an inner vertical brass cylinder of 
one4enth the horizontal area of the rim of the funnel. The wetted length of a 
lender measuring rod graduated to tenths of an inch, inserted in this brass 
cylinder, measures ten times the actual fall, and determines precipitation to 
hundredths. The displacement of the measuriftg stick is ignored, as it is 
small. The brass cylinder will hold 2 in. of rainfall before it overflows into 
the annular space between the cylinders, called the overflow. To measure 
this oterflow, pour into a convenient vessel, and then back into the cylinder. 

Automatic rain gagesf should be restricted to locations where they can be 
l^yen frequent attention, as they are liable to derangement. Severe winter 
weather is decidedly against delicate long4erm apparatus. 

^ Srrors. Comparison of rain gages at Ithaca, N. Y., 1908-1910 by State 
;<3onaervation Commission,^ showed that variations of registrations by “oli| 



also “The Measurement of Rainfall and Snow,” by R E Horton. /, Nv JF. W, W, A.. 
1919, p 14; and S P Pergusson in MmtMy Weather Review, February Iflli* 
mfaoturecs include J. P Fnea, Baltimore. Md ; Queen-Gray Co, Pli, 

Paris; International Instrument Co , Cambridge, Mass; and Drjiper Mfgi i 
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types were not great. The U. S. Weather Bureau Standard gage was on 
the ground, in a row with three others; its value was assumed as 1.000. The 
elevated gages were 20 ft. away. 


Makti 

Value on ground 

Value 10 ft. above 
ground 

Smithsonian 

1.000 


Fuertes 

1.016 

1.046 

Dewitt conical 

. 0.971 



Meyerza presents the following observed ratios to show effect of wind at higher 
levels,, unity value being on ground: 43 ft. high, catch is 0.75'; 86 ft. high, 
catch is 0.64; and 194 ft. high, catch is 0.58. G. F. Swain^ reports value of 
0.94 for 1 ft. above ground. Some records published in Monthly Weather 
Remew are from gages situated atop high buildings. 

Cleveland Abbe says that no error of more than 1 per cent, systematically 
attaches to gages of ordinary forms and of diameters between 4 and 44 in. 
Old rain gages, placed 8 ft. above ground, gave uniformly low results, on 
account of: (1) loss by evaporation; (2) method of measuring snowfall; (3) 
height above ground. 

Location of gages is important. Place them in open spaces free from 
obstructions such as steep slopes, trees, buildings, fences, and at least 100 ft. 
distant. On the Catskill works, a Weather Bureau gage too near a house 
gave results at variance by 5 in. in the 1911 record (total about 45 in.) from 
those of a similar gage favorably located on an open lawn several hundred 
feet distant. This whole difference is considered chargeable to location. In 
a large city, gages should be placed on flat roofs well away from the edges. 

RAINFALL DATA 

Sources. The climatological data puldishecl by U. S. Weather Bureau in 
Monthly Weather Remew have been summarized to, and inchiding, 1920, in ^‘Sum- 
maries of Climatological Data by Sections." 

Detailed tables of monthly totals for New England have been compiled by 
X. H. Goodnough in J. N. E. W, W. A., fc^eptember 1915, and September 1921. 
Annual reports of many municipal departments and state commissions contain 
rainfall tables extending over terms of years. A notable report is Bvll. 5, State 
of Cal., Dept. Pub. Works, Div. of Eng. and Irrigation, “Flow in California 
Streams,^' 1920, wherein summaries are given. Meyers in “Elements of Hydrol- 
ogy"' (Wiley, 1917), and Mead in “Hydrology"' (McGraw-Hill Book Company, 
Inc., 1919), summarize various records. Little faith should be put in many 
can records previous to 1880. ^ 

* Fonn of Data. Published records generally give for average the arithmetic 
mean; some engineers^ prefer the median, defined on p. 63. U. S. Weather 
Bureau uses the calendar year in presenting totals and averages. G, El 
Grunsky®® points out the absurdity of reckoning by the calendar year trhen 
utilizing rainfall records for run-off comparisons. Statistics are customarily 
recorded to hundredth of inch, but this degree of precision is hardly^ Warranted 
in practice; the added labor yields no gain in accuracy. ^ 
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The “water year,” also termed “seasonal” and “climatj^c,” is a 12-month 
interval established by hydrologists to take account of the lag of run-off 
behind precipitation. The “water year” in most regiofts does npt coincide 
with the calendar year, nor is it necessarily the same time interval in successive 
years. Records of U. S. Geological Survey m Chap. 3 adopt the uniform 
time interval, October 1 to Sept. 30. In northern latitudes, A. F. Meyer*^ 
uses, for rainfall, the 12 months beginning Nov. 1, and for corresponding run- 
off the year beginning Mar. 1. Whciovcr the iccords are compiled from 
data of U. S. Weather Bureau, tables in this book follow the calendar year. 

Estimating Precipitation. If a mean is to indicate the character of the 
phenomena from which it is derived, it must be computed from sufficiently 
representative data. Table 2 illiistiates the fallacy of basing conclusions on 
data from short periods, and Table 1 indicates the difference in neighboring 
stations in recording the dry years, ISSO and 1883 

One short-term record may be used if there exists for an adjacent or a com- 
parable region, a long-term record cmbiacing the years of the short term. 
From the long-term rccoid, compute the annual mean for those years corre- 
sponding to the short-term record and find its ratio, R, to the long-term mean. 
Then R times the annual mean of the shoi t-term record gives a product anal- 
ogous to the mean of the long-term recoid. Similarly a minimum (or a 
maximum) y^ar would be calculated fiom the mean thus found by applying 
the ratio found from the long-term lecoid of Minimum Mean (or Maxi- 
mum Mean), Table 3 gives some values foi these ratios 


Table 1. Variation in Dry-year Records for Stations within an Area 30 by 80 

Miles (L M Hastings*) 


Locution 

40 11 

av( 1 

(1S74 IQH) 

Dry year rctoids 

18S0 

ISSl 

Manchester, N JI 

3 

27 3 

31 5 

Concord, N H 

38 6 

30 5 

31 4 

Lowell, Mass 

12 0 

35 3 

39 8 

Waltham, Mass 

43 4 

31 7 

29 3 

Cambridge, Mass 

43 .5 

35 2 

32 6 

Framingham (Sudbury River) Mass 

44 3 

37 0 

32 0 

New Bedford, Mass • 

10 () 

10 1 

43 5 

Providence, R 1 

17 2 

11 3 

39 5 


Method of Combining Records^ to Get MiarP (1) Take the mean of all 
records, including broken ones. Averaging by months allows this, whereas a 
yearly average could be based only on complete annual records.* (2) Combine 
the stations into groups equally distributed. Determine the mean for each 
grouj) and take the average of these means as the average for the whole area. 
This has the advantage over No. 1 that too much weight is not given to aAy 
particular locality. (3) Take the mean of the inside stations, and the mean <rf 
the outside stations, of the area considered, averaging these two mean«. 
This method is good when there is a greater number of outside stations, as ft 
gives more weight to the inside stations. (4) Average monthly and yeal'ljf^ 
rainfalls on Catskill watersheds are determined by weighting each station iti 

* Horton*^ recommends using the mean of threo surrounding stations for a missing month. ^ 
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proportion to thq, percentage Which the area represented by its gage (generally 
considered a circle with center at the gage) is to the total area of watershed. 
Weight rainfall, summed up and divided by 100 (weight of total watershed) 
* average rainfall. This method gives results that agree well with (1) when the 
rainfall over whole watershed has been fairly uniform. Differences of several 
tenths of an inch in the two methods are not uncommon, but are, as a rule, 
compensating. For heavy rainfall, the weighted method approaches more 
nearly the truth.* 

(5) Isohyetal Map, Procure a scale map of the locality to be studied. 
]/Ocate the positions of all rain gages. At each gage mark its average rain- 
fall. Averages should, if possible, be taken for same number of years and 
for same period. Treat the problem similarly to plotting contours on a 
topographical map, drawing contours’' through points of equal rainfall^ 
using straight-line interpolations and extrapolations, where necessary. Good, 
long-term records of large number of gages well distributed over the area 
should be available. 


Table 2. Average and Extreme Departures of Mean Rainfall by Short Periods 
from Mean Determined by Very Long Periods, Expressed in Per Cent. 


Station 

l-ong 

period, 

years 

Padua ^ 

176 

Klangenfust7 ....... 

88 

Mil an 7 

100 

Croton 

53 

Sudbury 

46 

t San Francisco 

71 

Denver 

49 

St. Paul 

85 

New Orleans 

75 

Cincinnati 

65 


5 yrs. 

10 yrs. 

iimiP 

9.6 

8.4 

2.5 

9.5 

8.1 

I 2.6 

7.0 

5.9 

1 2.7 

-12.4 

- 6.4 

- 4.3 

4-13.6 

4-12.2 

4- 3.1 

-13.5 

-13.0 

- 6.7 

+ 9.3 

+ 3.0 

4-2 4 

-25.7 

-16.7 

- 8.4 

4-20.8 

4-12.8 

4- 6.6 

-21.0 

-11.9 

- 7.7 

4-11 .9 

4-12.6 

4-2 1 

-19.5 

-11.6 

-10^5 

4-27.7 

4-17.5 

4-12.1 

-16.1 

-13.5 

- 6.9 

4-19.5 

4-14.7 

4- 6.9 

-24.9 

-17.0 

-12.9 

4-3i.5 

4-19 5 

4-10.5 


40 yrs. 


2.4 

2.6 

1 2.0 

- 1.2 
+0.7 

I 0.0 

- 2.6 
+5.7 

J 0.0 

- 1.1 
+ 6.1 
} ^-2 

-2.5 
+5.1 


} 

} 

} 


t Years 1839-1860, 1873-1920, 


Factors Affecting Estimafes of Rainfall, Usual pathway of storms across 
the region under consideration as well as temperature are important elemehts 
in determining the precipitation probable at a given point. Owing to the local 
conditions, especially adjacent buildinp, Weather Bureau records iif large 
cities are particularly unreliable. Meteorologists agree that the amount of pre- 
cipitation on a given area is ^Mirectly proportional to its altitude and inversely 
proportional to its distance from the ocean or other large body of water 
over which the prevailing ' storm winds pass." (Kuichling.) Studies by 
H. N. Savage, San Diego, Cal. show the influence of elevation on seasonal raib^;, 
fall in southern California to be an increase of 6 in. for each 1(XK) ft- elevatibllf 
Hazen applied a reduction of 0.64 in. run-off per 100 ft. efevatiott 

♦ See Thiessen in Monthly Weather Beview, July 1911, p. 1082. 
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Report on Water* Resources of New Jersey (1922).* Seaward slopes of moun- 
tain ranges which intercept moisture-laden winds receive copious precip- 
itation, while landward slopes and interior regions receive less, often much 
less. (The west coast of South America is an exception.) In some localities, 
precipitation on tops of mountains and high, wooded hills is greater than in 
adjacent lowlands. Adjacent stations often produce widely varying records: 
e,g, Albany and Troy, 7 mi. apart; Newark and New York, 10 mi. apart. 
Records for the same storm at stations but a few miles apart often vary. 
Moore** cites a difference of monthly results averaging 5 per cent, in Berlin 
from gages, but 1500 ft. apart. Greatest discrepancies occur in the hionths 
of thunderstorms. 

Variation in annual rainfall has been investigated by Binnie,^ Birkinbine® 
Hazen, Wells, and others, as a basis for rainfall predictions and other hydraulic 
studies. Hazen^s® studies of normal coefficients of variation indicate that the 
Atlantic Coast, Great Lakes, and Puget Hound regions are more likely to get 
normal rainfall. Wellsi® concluded from a study of 226 long-time records, 
that generally the longer the record, the lower will be the value of ratio, mini- 
mum year to mean. Data from his lengthy table are given in Table 3. 


Table 3. Rainfall Factors for United States 
J. P. Wellsio 


Stationa 

• 

Years 


Ratio to 
Mean 

Stations 

Years 

Mean 

inches 

Ratio to 
Mean 

Max 

Min, 

SB 

Me. Eastport 

Vt, Burlington 

Mass. Boston 

Mass. Sudbury 

Conn. Hartford 

R. I. Providence 

N. Y. Ithaca 

N. Y. Croton 

Penn. Erie 

Penn. Philadelphia 

N. J, Newark 

Md. Baltimore 

D. C. Washington 

W. Va. Morgantown 

Va. Richmond 

N. C. Wilmington 

8. C. Charleston 

Qa. Augusta ! . . 

Pla. Tampa 

Ala. Mobile 

Miss. Vicksburg 

Tenn. Chattanooga 

Ky. Louisville 

O. Toledo 

Mich. Detroit 

Mich. Marquette 

Ind. Indianapolis 

30 

G4 

91 

46 

47 
77 

48 

53 

35 

38 
65 

39 
72 
32 

36 
38 
115 

40 
40 

37 

54 
30 

36 
47 

38 

37 
37 

42.9 

32.7 

44.7 
44.6 

44.3 

45.3 
33 0 

48.3 
38.2 
40 9 

47.8 
43. 1 

40.8 

44.9 

43.0 

50.9 
48 6 

40.9 

51 . 5 
01.8 

59.1 

50.1 

44.0 

32.6 

32.1 
32.5 

1 .5 

1.5 

1.6 
1.3 

1.3 

1.4 
1.4 
1.3 
1.3 

1.3 

1.4 

1.5 
1.5 

1.5 

1.7 
1.0 

1.6 
1 .2 

1.8 

1.5 

1.6 
1 .4 
1.4 

1.4 

1.5 

1.3 

1.4 

0.53 

0.64 

0.60 

0.74 

0.75 

0.67 

0.66 

0.75 

0.70 

0.75 

0.65 

0.73 

0.46 

0.62 

0.64 

0.79 

0.^8 

0.40 

0.64 

0.63 

0.71 

0.65 

0.06 

0.65 

0.65 

0.78 

0.73 

III. Peoria 

Wis. Madison 

Minn. Duluth 

iMinn. St, Paul 

Iowa, Davenport 

Mo. 8t. Louis 

Kan. Dodge City 

Neb. Omaha 

S. uak., Yankton 

N. Dak., Bismarck 

La. New Orleans 

Ark. Hope 

Texas, El Paso 

Mont. Miles City 

Wyo. Cheyenne 

Idaho, Lewiston 

Okla. Ft. Sill 

Wash. Spokane 

Ore. Astoria 

Ore. Portland 

Cal. Sacramento 

Cal. San Diego 

Nev. Beovmine 

Utah, Ogden 

Col. Denver 

Ariz. Tucson 

N. M. Santa F6 

53 

41 
38 
72 
37 
72 

42 
41 
32 

34 
03 
41 
40 
31 
37 
28 

35 
28 
37 
50 
60 
60 

36 

37 
37 
40 
50 

34.8 
31.2 

29.8 

27.8 

32.6 

40.1 

19.6 

30.5 
26.0 

17.5 

55.6 

52.7 
9.7 

12.8 
13.8 

14.7 

30.8 

17.9 

37.1 

42.4 

19.4 

9.5 

6.5 

14.7 
14.0 

11.7 

14.7 

1.5 

1.7 

1.5 

1.8 

1.4 
1.7 
1.7 

1.6 

1.7 

1.8 

1.5 

1.3 

2.4 
1.8 

1.6 

1.5 

1.6 

1.5 

1.7 

1.6 

1.8 
2.9 

2.3 
1.6 

1.4 
2.1 
1.7 

0.70 

0.43 

0.58 

0.53 

0.50 

0.57 

0.39 

0.58 

0.66 

0.53 

0.55 

0.55 

0.26 

0.71 

0.36 

0.66 

0.62 

0.67 

0.51 

0.72 

0.46 

0.32 

0.32 

0.44 

0.60 

0.45 

0.53 


Table 4. Relation of Wettest and Driest Years* i 


Mean rainfall, 

Wettest year,' 

Dryest year. 

Range ratio, 


in ihohes 

percentage of mean 

percentage of mean 

percentage 


5-30 

178 

55 

m 

4 

30-40 

40-50 

154 

143 

54 

64 

100 

79 


6(MM) 

142 

70 

73 



* The e^eot on rainfall may be lesa. 
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Rendering Records Comparable. Great differences in records exist; the 
following is a method of rendering them comparable suggested by Thaddeus 
Merriman: Any monthly rainfall that exceeds twice the monthly mean is 
excessive or unusual, and should be eliminated, as follows : For any month in 
which the rainfall exceeded twice the monthly mean, use the monthly mean, 
unless the rainfall for either the preceding or following month was less than 
half its monthly mean, in which case deduct only the excess of the 1 month 
over the deficiency of the 2 months. The value of the yearly rainfall so 
determined may be called the “mean annual dependable^’ rainfall. 

Where rainfall stations are widely separated, as in the Northwestern States, 
it is the experie^pe of the U. S. Geological Survey that calculations are facili- 
tated by expressing each year’s rainfall for any station as a percentage of the 
mean annual of that station for many years. Percentages of several stations 
.averaged together for any year convey an idea of the comparative dryness in 
the drainage basin, without introducing an error due to local conditions at 
the stations. Results thus obtained are said to be satisfactory, making 
averages for large areas much more accurate.* 

In comparing rainfalls at two localities of short records, both should be 
reduced to a common plane for comparison with long-time records. Data for 
Northeastern United States show that the proposition that the rainfall varies 
from the mean at the same rate for all stations similarly located is true 72 
per cent, of the time. The smaller the area, the less is the error. 

Frequency Curves. Rainfall is irregular, wet and drj^ years usually occur- 
ring in cycles of several years’ duration. Studies of cycles, freq[uency of 
occurrence, and seasonal variation of rainfall can be aided by the use of fre- 
quency curves as outlined by Foster in “Theoretical Frequency Curves and 
their Applications to Engineering Problems. ”t Horton studied Padua, 
Italy, records and concluded that the evidence of periodicity was too slight 
to be significant, t 

Snowfall Expressed in Inches of Rainfall. The ratio of snow to rain varies 
greatly with the character of the snowfall. U. S. Weather Bureau divides 
snowfall by 10 to get equivalent rain. The one-tenth rule gives values 10 
to 30 per cent large for light snow at low temperatures. Other authorities 
recommend divisors varying from 7 to 12 ; the last was used for Potsdam, 
Prussia, and Catskill Mountains.! Meyerze estimates that all precipitation 
is snowfall when monthly mean temperature is below 20®F. 

RAINFALL RECORDS 

Explanation of Rainfall Tables. The following tables were compiled 
mainly from U. S. Weather Bureau records, dropping the second decimal 
place. Elevations refer to height of gage above sea-level. “Totals” in 
the second column, and “Extent of Record’^ below each table, enable an 
investigator in any year to bring the record quickly down to date by adding 
records of subsequent years. Records are inclusive of first and last dates 

* This method is also endomed by C. E. Grunsky, **EainfaU and Run-off Studies,** 2*. A, S. C, ff. 
Vol. 85, 1922, p. 09. v' ^ 

IT. A. 8. C. JS., Yoi 87, 1924, p. 142. 

T Weather Review, October, 1923, p. 615. See also Saville on **EidnfaU Data 

Tnteroreted by Laws of Probability,” in E. Dec. 28, 1916, p. 1208, and ToUey in MtmilMv 
Wea«acr November, 1916, p. 634. 

§ See ‘ ‘Snowfall of United States,” by R. D. Ward, in Scientific Monthly, November, 1919# p. 397. 



RAINFALL OR PRECIPITATION 


given. Rainfall is expressed in inches, and includes snowfall expressed in 
inches of rain. Figures for the lowest 5 and highest 7 consecutive months are 



Fia. 2. — Percentage of annual precipitation occurring between April 1 and Se#i 

tember 30. 5^ 

(U. S. Weather Bureau, 1917.) 


the total rainfalls during these periods; they are useful for studies in iviater- 
rfied development. Tem|)erature is in degrees Fahrenheit. Pla,ces are 
arranged geographically. 
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table 5. Selectifd Long-term Rain and Temperature Reeor^ Gi^ng Monthly 
and Yearly Totals, Averages, Minima and Maxima, also Extreme Dry 
^ and Wet Seasons 

Minimum Minimorum and Maximum Maximorum, also Lowest and Highest 
Average, Are Underscored for Each Place 


Place 


Time 


QUEBEC, Canada. . Elev. 296 ft. 


Rainfall, inches 


Totals 
47 yrs. 


Average 


Minimum 


Maximum 


Year 


Amount 


Year 


Amount 


Mean 
temp., ®F. 
(24 years) 
(1897- 
1020 ) 


Jan . . 
Feb. 

Mar. 

Apr. 


M ay . . . 
June. . . 
Jufo'.... 
Aug. . . . 
Sept . . 

Oct .... 

Nov 

Dec 

Year. 


171.7 

151 .4 
155.6 

106.0 

153.5 

190.5 

196.9 

182.9 

183.6 

162.5 

156.4 

159.7 
1962.2 


3.7 

3.2 

3.3 

2_3 

3 3 

4.1 

4.2 
3 9 
3.9 

3.5 

3.3 

3.4 
41.8 


1918 
1878 
1915 
/ 1883 1 
\ 1886 / 

1887 
1881 
1877 
1905 
/ 1874 \ 
t 1903 / 
1895 
1876 
1892 
1905 


0.3 

1.0 

0.4 

0.7 

0.3 

1.3 
0.5 

1.4 
1.1 

0.9 

0.9 

1.1 

32.3 


1882 

1908 

1877 

1880 

/ 1874 1 
1 1919/ 
1901 
1919 
1912 
1918 , 

1896 

1878 

1878 

1879 


6.6 

6.2 

6.2 

6.6 

6.9 

9.2 

8.1 

t ^.6 

9.4 

7.0 

7.1 
(7.8 

52.4 


10 

11 

23 

35 

51 

60 

67 

63 

65 

44 

30 

17 

40 


Ijowest 5 consec. months, Oct., 1892-Feb., 1893, 8.5. ^ 

Highest 7 consec. months, May~Nov., 1918, 38.9. 

Extent of record 47 yrs, 1874-1920. Lowest Jan. temperature,- 31®. 


Selected Long-term Rain and Temperature Records.— (Cow/mwed) 





















RAINFALL OR PRECIPITATIOI^ 

Sheeted Long-tenn Rain and Temperature Records. — (Continued) 


• BOSTON, MasB Elev 125 ft 


Rainfall, inches 


Lowost 5 ronspc months, Oct f 1818~Feb , 1810, 7 0 
Highest 7 consec inonthb, Oct , lSb9 Apr, 1870, 47 9 
Extent of record, 108 yis , 1818-1020 Lowc^st Jan t(*: 


Mean 
temp , 

o jr 

(50 yrs ) 



Extent of record, 108 yis , 1818-1020 Lowc^st Jan t(*mp(*iature,“13° (50 yrs). 
In 47 days. Sept and Oct , 1014, but 0 21 in fell (E N , Apr. 8, 1915 ) 
Records for 1856-1878, and for the late 80’s are not reliable according to Good- 
nough, /, If, E, W W, A, Sept. 1915 


Selected Long-term Rain and Temperature Records — {Continued) ” 


SUDBURY WArCRSHED, Mass Elev 200 ft 

Rainfall, inches ] ^ 


Jan 

Feb 

Mar. 

Apr 

May 

June 

July. 

Aug 

Sept 

Oct 

Nov. 

Dec 

Year 


Totals, 

A veragt 

Minimum 

Maximum 

1 O J? 

(21 yrs ) 

46 yrs 


Year 

Amount 

1 < ar 

j Amount 

(ia98« 

1918) 

184 9 

4 0 

1 1916 

1 5 

1891 

7 0 

28 

190 9 

4 2 

1877 

0 7 

1900 

9 1 

25 

199 2 

4 3 

191^ 

0 1 

1877 

8 4 

38 

164 7 

3 6 

1892 

0 8 

1904 

8 9 

47 

152 3 

3 3 

1903 

0 9 

1901 

7 2 

57 

144 9 

3 2 

1812 

0 5 

1903 

9 2 

66 

167 4 

3 6 

1917 

1 1 • 

1876 

9 0 

72 

175 3 

3 8 

1883 

0 7 

1898 

8 2 

69 « 

157 3 

3 4 

/ 1877 \ 
\1914/ 

0 3 

1907 

8 8 

62 

168 8 

3 7 

1897 

0 5 

1895 

10 7 

52 

172 5 

3 8 

1908 

1 0 

1888 

7 2 

40 

174 3 

3 8 

/ 1875 \ 

\ 1877 / 

0 9 

1901 

9 7 

29 

2052 5 

44 6 

1883 

32 8 

1878 

57 9 

49 


Lowest 6 consec. months, Apr.-Aug., 1899, 10.4. 

Highest 7 consec. months, Sept , 1899-Mar., 1891, 41 7 ^ 

Extent of record, 46 yrs., 1875-1920. 

Lowest Jan. temp., -24® (13 yrs). 

* See also **Rainfall in New England,” by X H Qoodnough \tl J N E W W A ^ September 
1915 and 1921 for tabulation of 250 New England records Also p 45 ^ 
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Selected Long~tenn Rain and Temperature Records. — {Continued) 


Place 

WACHUSETT WATERSHED. Mass. Elev. 40b ft. 

Rainfall, inches j 

Mean 
temp., ®F. 
(21 yrs.) 
1898- 
1918 

Time 

Totals. 

24 yr.s. 

Average 

Minimum | Maximum 

Year 

Amount 

Year 

Amount 

Jan 

Feb 

Mar 

Apr ! . 

Mav 

June 

July 

Aug 

Sept 

Oct 

Nov 

Dec 

Year. . . 

86.2 

93.4 

96.2 

90.2 

82.3 
90 . 7 

96.2 

96.2 

02.2 

77.5 

83.3 

97.4 
1087.7 

3.6 

3.9 

4.1 

3.8 

3.4 

3.8 

li 

4.1 
38 

3.2 
3T5 
4.0 

45.3 

1916 

1901 
1915 

/ 19151 
t 1917 / 
1905 
1912 

1917 

1907 

1914 

1920 

1902 
1899 
1917 

1.6 

11 

0.1 

1.8 

0.8 

0.5 

1.2 

13 

0.2 

0.6 

0.9 

2 0 

1 37 3 

1898 

1900 

1899 

1901 

1901 
1903 
/ 1897 1 
11915/ 
1898 
1907 
1898 

1897 
3901 

1898 

6.6 

8.7 

6.8 

9.6 

7.0 

10.4 

8.6 

10.6 

9.5 
7.2 

7.6 
9.4 

57.9 

25 

23 

34 

45 

57 

65 

71 

68 

61 

51 

39 

28 

47 


Lowest 5 consec. months, Feb. -June, 1915, 10.1. 
Highest 7 consec. months, Aug., 1898-Mar., 1899, 89.8. 
Extent of record, 24 yrs., 1897-1920. 

Lowest Jan. temp., -10® (13 yrs.). 

See also p. 46. 


Selected Long-term Rain and Temperature Records. — (Continued) 

[ ESOPUS CREEK WATERSHED, CatskiU Mts., N. Y. (0 to 11 stations), Elev. 

firirw- 1 



Uainfall, inches 

Mean 

temp., 


Totals, 


Minimum 

Maximum 

ojf 

Time 

15 yrs., 3 

Average 





(9 yrs.) 
1906- 


months 


Year 

Amount 

Year 

Amount 

1914 

Jan 

51.6 

3.4 

1916 

1.6 

mm 

7,4 

27 

Feb 

51.1 

3 4 

1907 

1.7 


6.9 

23 

Mar 

55.0 

3.7 

1915 

0.2 

1913 

7.7 

35 

Apr 

61.5 

4.1 

/1907\ 

1 1915/ 

2.2 

1910 

9.6 

47 

May 

59.2 

4.0 ‘ 

1911 

1.1 

1908 

9.1 

58 

June 

61.0 

4.1 

1913 

1.1 

1917 

6.6 

66 

July 

66.3 

4.4 

1913 

1.7 

1915 

8.4 

72 

Aug 

65 5 

4.4 

1907 

1.1 

1915 

8.9 

69 

Sept 

73.2 

ii? 

1914 

0.6 


11.2 

62 

Oct 

65.7 

4.1 

1910 

1.1 

risin 

) ioi.«> r 

7.5 

52 

Nov 

56.1 

3.5 

1908 

0.6 


6.9 

40 

Dec 

1 58.8 

3.7 

1910 

2.2 

1916 

5.8 

29 

Year. . . 

1 710.9 

47.4 

1914 

39.7 

1920 

54.3 

48 


lowest 6 consec. months, Oct., 1910-Feb., 1911, 11.1. 

Highest 7 consec. months. Sept., 1907-Mar., 190^ 43.2. 

Extent of record, 15 yrs., 3 months, Oct. 1. 1905-Dec., 1920, except 1906 total. 
. averaged 0.25 (0.08 to 0.66) — lowest rainfall in the 15 yrs. of Board 

of Water Supply records. 
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Selected Long-term Rain and Temperature Records. 



Lowest 5 consec. months, July-Nov., 1837, 7.2. 

Highest 7»consec. months, Aug., 1888-Feb., 1889, 43.0. 
Extent of record, 89 yrs., 1832-1920. 

Lowest Jan. temp., -10° (34 yrs.). 


Selected Long-term Rain and Temperature Records. — {Continued) 


Place 

1 

NEW BEDFORD, Mass 

EIcv. 88 ft. 

1 

Rainfall, inches j 

Mean 

Time 

Totals, 
107 yrs. 

Average 

Alinimum ] 

Year | Amount 

1 Maximum 

j Year j Amount 

ten^., 

OTp 

(12yi;s.) 

1 

Jan 

427.7 

4.0 

1839 

0.8 

1915 

9.9 

32 ' 

Feb 

414.6 

3.9 

1818 

0.9 

1814 

8.3 

31 

Mar 

454.3 

4.2 

1915 

0.1 

1890 

9.8 

41 

Apr 

418.8 

3.9 

1846 

1.2 

1841 

9.3 

50 

May 

422.7 

3.9 

1822 ' 

0.6. 

1868 

9.4 

61 

June 

334.6 

3.1 

1912 

0.1 

1862 

8.1 

70 

July 

351.2 

3.2 

1909 

0.7 

1830 

12.0 

76 

Aug 

441.9 

4.1 

1854 

0.2 

1826 

18.7 

73 

Sept 

366.3 

3.4 

1865 

0.3 

1850 

12.1 

66 

Oct 

411.7 

3.7 

1918 

0.5 

/ 1890 \ 

\ 1913/ 

10.1 

58 

Nov. ..... 

443.5 

4.1 

1899 

1.1 

1897 

9.7 

46 

Dec 

439.4 

4.1 

1828 

0.4 

1901 

10.0 

36 

Year. . . 

4926.8 

'46.0 

1918 

29.2 

1829 

65.4 

52 


Lowest 5 consec. months, Nov, 1917-Mar. 1918. 

Highest 7 consec. months, July, 1830-Jan., 1831, 47*5. 

Extent of record, 107 years, 1814-1920. See X. H. Goodnough, E, N., Nov. 
19, 1914, p. 1014; and reports of City Engineer. 

Lowest Jan. temperature, -7° (12 yrs). 
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Selected Lqtig->tentt |ta|n and Temperattire {Continued) 


^ CROTON WATERSHED, N. Y. Elev. 200-600 ft. 

fr 


Place 



Rainfall, inches 



Mean 

Time 

Totals, 

.53 yrs. 

Average 

Minimum 

Maximum 

temp., 

op 

( 1912 ) 

Year 

Amount .t 



Jan 

214.7 

4 0 

1896 

1.1 

1891 

9.1 

25 

Feb 

213.4 

4.0 

1901 

0.8 


7.7 

31 

Mar 

220.8 

4.2 

1915 

0.3 

1877 

8.1 

40 

Apr 

191.4 

3.6 

1892 

1.1 


8.2 

51 

May 

200.6 

3.8 

1887 

0.3 

1868 

8.8 

65 

June 

187.0 

3.5 

1873 

0.7 

1903 

11.3 

72 

July 

244.1 

4 6 

1868 

2.1 

1897 

12.5 


Aug 

257.4 

4.9 


0.6 

1898 

11.5 

B9 

Sept 

217.4 

41 

1914 

0.3 

1882 

14.6 

mm 

Oct 

210.3 

4.0 

1879 

0 7 

1913 

9.6 


Nov 

198.1 

3.7 

1902 

0.9 

1889 

8.5 

kB 

Dec 

207.3 

3.9 

1892 

1.0 

1901 

8.8 


Year. , . 

2561.7 

48.3 

1917 

36.3 

1901 

63.7 

54 


Ix)west 5 CO nsec, months, Dec., 1871- Apr. 1§72, 10.8. 
Highest 7 consec. months, Mar.-Sept., 1901, 46.8. 
Extent of record, 53 yrs. 1868-1920. 


Selected Long-term Rain and Temperature Records. — {Continued) 


Place 


Time 


ALBANY, N. Y. Elev. 85 ft. 


Totals, 
95 years 


Average 


Rainfall, inches 



Mean 

tenip., 

(95 yrs.) 

Minimum 

Maximum 

Year 

Amount 

Year 

Amount 

(1820- 

1020) 

1860 

• 0.1 

1836 

7.3 

23 

( 1856 \ 

\ 1877 / 

0.4 

1870 

5.2 

24 

1915 

0.1 

1843 

7.4 

33 

1892 

0 6 

1857 

7.0 

47 

1903 

0.2 

1833 

8.5> 

59 

1864 

0.8 

1862 

8.7 

68 

1849 

0.7 

1871 

9.4 

72 

1854 

0 6 

1871 

10.6 

70 

1914 

0.5 

1890 

8.9 

63 

1882 

0.3 

1869 

13.5 

5d 

1908 

0.4 

mmm 

7.3 

39 


0.2 

1878 

6.2 

28 


26.4 

1871 

56.8 

48 


Jan 

Feb 

Mar — 

Apr 

May . . . 
June. . . 
July.... 
Aug. . . . 
Sept . . . 

Oct 

Nov 

Dec 

Year. 


243.8 

231.4 

260.3 

257.7 

322.9 
366.6 

382.9 

361.5 

312.6 

315.6 
276.1 

249.9 
3581 .3 


2.6 

2.4 

2T7 

2.7 

3.4 
•3.9 

4.0 

3:8 

3.3 

3.3 

2.9 

2.6 

37.6 


Lowest 5 consec. moRths, Jan.-May, 1860, 5.1. 
Highest 7 consec. months, Feb.-Aug., 1871, 45.3, 
Extent of record, 95 yrs., 1826-1920. 

Lowest Jan. temp,, -34® (46 yrs). 
























HAINFAIL on PUBCIPITATION 
Selected Long-term Rain and Temperature Rccorda.— ^Udnftnuerf) 


PEQUANNOCK WATERSHED. Newark, N. \ Elev. 700 ft. 



Jan . . . . 

Feb 

Mar. . , 
Apr. . . 
May . . . 
June 

July 

Aug 

Sept. . . . 

Oct 

Nov 

Dec 

Year. 


Ill 8 
113 8 
109 7 
113 6 
135.3 
129 8 
118 8 
116 0 
95.1 
109 3 
1360.1 


Rainfall, inches 


Minimum 


Mean 
fSOywJ 

A A I 
Amount | lOjSO) 



Lowest 5 consec. months, Nov., 1917-Mar., 1918, 10.3. 

Highest 7 consec. months. Mar., 1901 -Sept., HK)1; Sept., 1907-Mar., 1908, 49.3. 
Extent of record, 28 yrs, 1893-1920. 

Lowest Jan. temp., -26°. 


Selected Long-term Rain and Temperature Records. — (Continued) 


• PHILADELPHIA, Pa. Elev. 117 ft 

,e j 

Rainfall, *jnches ^ 



Apr 340.1 

May 373.7 

June 370 1 

July 419.0 

Aug 452 5 

Sept 353.1 

Oct 322.8 

Nov 329.2 

Dec...... 350.7 

^Year... 4322.1 


Iiowest 5 consec. months, July-Nov., 1881, 8.1. • * 

Highest 7 consec. months, Feb.-Aug., 1867, 47.7. 

EiSdnt of record, 101 yrs., 1820-1920. Lowest Jan. temp,, {43 yrs.). 
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Sdected LoEg-term Rain and TaptpM^tn)'e%f<Mrdi!!i-^(<?(^t'nwed^ 


Place 



• Totaia, 
104 yr«. 


Jan 302.8 

Feb 316.7 

Slar 378.2 

Apr 333.7 

May 356. S 

June 372.6 

July 421.9 



305.0 
340 1 
4208 2 



BALTIMOJiE, Md: Elev. 123 ft. 


Rainfall, inches 


Minimum 




Lowest 5 consec. months, Feb. -June, 1850, 0.0. Extent of record, 104 yrs., 1'817-1920. 
Highest 7 consec. months. Mar.- Sept., 1880, 44.4. l.owest Jan. temp., ~0® (40 yra.).* 

Selected Long-term Rain and Temperature Records. — (Continued) 


WASHINGTON, D. C. Kiev. 112 ft. 


Rainfall, inches 








Jan. . . 

256.5 

3.2 

81 

1830-38, 40, 43-45, 
49-51 

1872 

Feb..:. 

245.3 

3.0 

82 

1830-38, 43-45, 49-51 

1864 

Mar. . . 

283.9 

3.5 

82 

1830-38, 43-4.5, 49-51 

1910 

Apr 

May. . . 

272.2 

3.3 

82 

1830-38, 43-45, 49-51 

1847 

291.4 

3.6 

82 

1830-38, 43-45, 49-51 
1830-^8, 43-45, 40-51 

1826 

June, , , 

317,6 

3.9 

82 

1864 

July. . . 

356.1 

4_4 

81 

1827, 30-37, 42-45, 
49-51 

1872 

Aug. . . 

324.9 

4,0 

81 

• 1827,30-37,42-45, 
49-51 

1854 

Sept. . . 

254.7 

3.1 

81 

1827, 30-37, 42- 45, 
49-51 

1884 

f 1874 

Oct. . . . 

249.6 

3.0 

82 

I 1830-37, 42-45, 49-51 

{ 1892 
i 1895 

Nov. .'. 

205.9 

2,5 

82 

1830-37, 42-45, 49-51 

1828 

Dec.> . . 

249.5 

sTo 

82 

1830-37, 42-45, 49-51 

1889 

Year 

3292.7 

40.6 

81 

* 1827, 30-35, 38, 40, 
42-45, 49-51 

1826 

1 . 


Lowest .5 enriRAR mn 


7.2 45 
I901I 7.6 36 
62.1 55 


1 QOyf mon 


,46.4*^ Lowest Jan. temp., —14® (48 yrs.) . 
























m precjpitatiqN; 



Sdectl^ Long'-tecm €nd T^saperature Records*-^ 


' ^ / . ^ ATLANTA, Ga. Elev. 1171 ft. 


Rainfall, inches 


Maximyim 


' Meazi^s 
te<n0.< 

®Fr 

’'(H yi%. )’ 
XtS%7- 
If 20): 


Mar 309.8 

Apr 221.0 

May 192.2 

June 215.6 

July 241.4 

Aug 246.8 

Sept 183.7 


f 1897 \ 
1 1914/ 



Nov 178.6 

Doc 267.8 

Year... *2710.9 


Ijowest 5 consec. months, July-Nov., 1884, 8.1. 

Highest 7 consec. months, Sept., 1880-Mar., 1881, 52.7. 

Extent of record, 57 yrs., 1859, 1865-1920. Missing: Jan. -Oct,,. 1865; Apr.- 
Nov. 1867, and (corresponding totals. 

Lowest Jan. temp., -2° (44 yrs.). 

Selected Long-term Rain and Temperature Records. — {Continued) 


PITTSBURGH, Pa. Kiev. 8^2 ft. 

Place 

i. liainfalt, inch(^a I Mean 


May 256 . 0 

June 286 , 1 

July 297.6 

Aug 259.0 

Sept 219.5 



Dec 228:9 

Year... 2688.6 


Lowest 5 consec. months, Aug.-Dee., 1908, 6.8. 

Highest 7 (jonsec. months,' Mar .-Sept., 1865, 38.3. * ^ 

Extent of record, 81 yrs., 1836-1897, 1872-1920. Missing; Jam— July, 1836; 
Apr.-Dee., 1838; Jan.-A.ug., 1866; May-Deoi^ 1867, 4and coiT6spon4ing, totals. 
liQwest Jan. temp., ~i2® (44)^.). ' ^ 
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Selected L6ttg*tenn Rain and Temperature Records.^ — {Continued) 



Ijowest 5 (?onsec. iiiontlis, Dec., 1898 -Apr., 1899, 5.5. 
Highest 7 consec. months, May-Nov., 1883, 33.7. 
Extent of record, 50 yrs., 1871-1920. 

Lowest Jan. temp., —20° (48 yrs.). 


Selected Long-term Rain and Temperature Records. — {Continued) 


Place 



DETROIT, 

Mich, Ek 

V. 730 ft. 





Rainfall, inches 



Mean 

tem;p.. 

(43 yrs.) 
(1878- 
1920) 

Time 

Totals, 

50 yrs. 

.'\ vcrage 

Minimum 

Year | 

Max .1 

Year 

mum 

Amount 

Jan 

106.4 

2.1 

1902 

0.6 

1874 

5.0 

24 

Feb 

108.3 

2 2 

1877 

0.0 

1881 

6.4 

25 

Mar 

120.7 

2.4 . 

1910 

6.4 

1913 

5 6 

33 

A nr 

May 

122.2 

2.4 

1899 

0 5 

1880 

6.2 

46 

164.8 

3.3 

1920 

0 1 

1892 

■ 7.8 

58 

June 

184.1 

3.7 

1895 

0.0 

1892 

8.3 

68 

July 

167.6 

3.2 

1877 

0 0 

1878 

8.8 

72 

Aug....;, 

138.4 

2.8 

/ 1889 \ 

1 1894/ 

0.2 

1877 

7.3 

70 

Sept 

132.9 

2.6 

1877 

0.4 

1902 

6.5 

63 

Oct 

122.0 

2.4 

1892 

0.3 

1881 

6.6 

62 

Nov 

1 119.9 

2.4 

1904 

0.2 

1891 

6.3 

39 

Dec..... . 

116.2 

2.3 

1900 

0.4 

1878 

4.8 

29 

Year. . . 

1601.9 

32.0 

1889 

21.1 

1880 

.47.7 

44 


Lowest 5 consec. months. Sept., 1874-Jan., 1876, 6.4. 
Highest 7 consec. months, Apr.-Oct., 1880, 36.5i^ 
Extent 6f record, 50 yrs., 1871-1920. 

Lowest Jan. temp,, 16° (46 yrs.). ‘ 
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Selected Long-term Rain and Temperature Recotds%-(Continued) 


DULUTH, Minn. Kiev. 1138 ft. 


78.5 1.6 


Apr 

May .... 



102.0 
170.3 

June 207.9 

July 188.5 

Aug 163.8 

Sept 174.0 

Oct 126.7 

Nov 76.1 

Dec 59.6 

Year... 1446.5 


Lowest 5 consec. months, Jan.-May, 1900, 2.9. 
Highest 7 consec. months, May-Nov., 1879, 36.4. 
Extqpt of record, 50 ju’s., 1871-1920. 

Lowest Jan. temp., -41° (44 yrs.). 


Selected Long-term Rain and Temperature Records. — {Continued) 


ST. PAUL, Minn. Kiev. 837 ft. 


Place 


Kainfall, inches Mean 


Time 

Totals, 

Average 

Mti^imum 

Maximum 

temp., 
(48 yrs.) 

85 yrs.' 

Year 

1 Amount 

Year 

Aifiount 

(1873- 

1920) 



Jan. . . . 

77.5 

0.9 


0-0 

1881 

4.3 

12 

Feb.... 

68.2 

0.8 

t 

0.0 

1869 

2.8 

15 

Mar — 

117.0 

1.4 

,1853 

0.0 

1849 

4.1 

28 

Apr 

201.2 

2.4 

1848 

0.2 

/ 1860 \ 

\ 1862 / 
1906 

5.8 

46 

May . . . 

288.1 

3.4 

1900 

0.3 

10.4 

58 

June ... 

343.1 

4.1 

1863 

0.0 

1874 

11.7 

67 

July.... 

302.5 

3.6 

1894 

0^1 

1838 

11.1 

72 

Aug. . . . 

289 . 1 

3.4 

1894 

0.4 

1849 

9.0 

69 

Sept. . . 

276.4 

3.2 

1882 

0.3 

1869 

10.6 

60 

Oct ..... 

180.3 

2.1 

' 1853 1 
. 1857 J 

\ 0.0 

/ 1900 ) 
11911/ 

7.6 

48 




1848 




Nov. 

117.0 

1.4 

1904 

1912 

0.1 

1857 

5.8 

32 




1917 





Dec. .... 

82.3 

1.0 

1850 *] 
1913 J 

[ 0.0 

1857 

3.0 

ilv 

, Year.. 

. 2308.7 

27.5 

1910 

10.2 

1849 

49.7 

.44^:. 


Lowest 5 consec. months, Nov., 1862-Mar., 1853, 0.4. 

Highest 7 consec. months, Apr.-Oct., 1849, 40.7. # ^ 

Extent of record, 85 yrs.. 1834-1930. Missing: Jan.-June^ and total, 1836* 
Lowest Jan. temp., —41*^ (47,yrs.). 

•1853,92,98. tl8t6, 63,54, 64, 77. * ^ V 








WATERWORKS HANDBOOK 


Selected Lon^-tenn Rain and Temperature Records.— 


NEW ORLEANS,* I.a. Elcv. 51 ft. 


Average 


Kuinfall, indies 


Minimum 


Amount 


Maximum 


I Moan 
(59 yrs.) 

^ , (1862- 
Amount 1920) 


Jan 338.2 

Feb 310.1 

Mar 332.4 

Apr 356.9 

May 318.6 


July 484.1 


Aug. . . . 
Sept. . . 

Oct 

Nov 

Dec 

Year. 


430.7 
339 7 

263.2 
270.0 

352.2 
4174.0 




Lowest 5 consec. months, Oct., 1889-Feh., 1890, 6.1. 

Highest 7 consec. months, Feb.-Aug., 1888, 63.2. 

Extent of record, 75 yrs.: 1836, 183J)-1860, 1868, 1870-1920, except Jan. -Mar., 
and total, 1868. ** 

Lowest Jan. temp., + 15° (59 yrs.). 

♦ For analysis of records, 1894 to 1918, sec E. N. /?., May 13, 1920, p. 903. 

Selected Long-term Rain and Temperature Records. — ((\yntinucd) 


DENVER, Col. Elcv. 5291 ft. 
Rainfall, inches 


Mean 

temp., 

(4s’yre,) 

(1873- 

Amount 1920) 


Apr 103.2 

May 121.2 


1908 

1878 
1886 
1890 
, 1901 
/1900 
1 1917 
/ 1879 
\ 1892 


1883 
1909 
/ 1891 \ 
\ 1 905 / 
1900 
1876 
1882 
1919 


Dec 34.4 0.7 * 0^0 191 

Year... 701.7 14,3 1911 7.8 19C 


Lowest 5 consec. inonthe, Sept., 1879-Jan., 1880, 1.1. 
Highest 7 consec. months, Mar.-Sept., 1909, 19.1 
Extent of record, 49 yrs., 1872-1920. 

Lowest Jan. temp., —29° (49 yrs.). 

• 1881, 90, 95, 1905, 6. 
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Selected Loag-term Rain and Temperature Records.-ir(Con^inwed) 



Low(\st 5 conscc-. months, 0.0. A. Several years. 

Highest 7 eonsec. months, Mar.~Sept., 1875, 25. G. 

Extent (if record, 1855-1907, 53yrs., omitting 1861-1868; Jan.- May, and total, 
1869; July-Dee,, and total, 1891; 1892-1901; Apr., May, June, Nov., Dec., and 
total, 1906; Jan., Apr., Nov., Dee., and total, 1907. 

Loweit Jan., temp. —3" Cl 6 yrs.). 


Selected Long-term Rain and Temperature Records. — {Continued) 


PHOENIX, Ariz.* Elov. 1108 ft. 

Be — j 

Raiiifak, inches ^ 



Totals, 


Minimum 

1 Maxiiinun 

°F. 

(25 yrs.) 


45 yrs. 


Year 

j Amount 

1 Year 

1 Amount j 

( 1890- 
1920) 

Jan 

38. 4 

0.9 

A 

0.0 

1897 

3.7 

51 

Feb 

39.1 

0.9 

•A 

0.0 

1905 

4.6 

56 

Mar 

29.0 

0.7 

A 

0.0 

1905 

2.4 

59 

Apr 

16.3 

0.4 

A 

0.0 

1905 

2.6 

66 

May 

5.5 

0.1 

A 

0.0 

1893 

1.0 

74 

June 

3.4 

0.1 

A 

0.0 

1899 

0.8 

85 

July 

49.9 

12 

A 

0.0 

1911 

6.5 

89 

Auk 

42.3 

1.0 

A 

0.0 

1918 

sTs 

88 

Sept 

29.4 

0.7 

A 

0.0 

1897 

3.7 

82 

Oct 

19.3 

0.4 

A 

0.0 

1 1911 

2 2 

70 

Nov 

30.3 

0.7 

A 

0.0 

1905 

3.6 

60 

Dec 

38.6 

0.9 

A 

0.0 

/ 1883 \. 
\ 1889 / 

3.4 

51 

Year. . . 

326.2 

7.8 

1885 

3.8 

1905 

19.7 

70 


Ijowest 5 consec. months, 0.0. A. Several years. 

Highest 7 consec. months, Dec., 1904- June, 1905, 13.6. 

Extent of record, 45 yrs., 1876-1920. Missing: Jan., June- Aug,, and total, 
1876; July-Dee., and total, 1887: Jan.-Mar., Oct., Dec., and total, ,1888. 

Ijowest Jan. temp., +12° (27 yrs.), 

* See also Table 6, p. 21. * 
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Selected Long' -term Rain and Temperature Records. — (Continued) 



Ijowest 5 consec. months, 0.0. A. Several years. 

Highest 7 eonsec. months, Deo., 1883- June, 1884, 37.0. 

Extent of record, 4.4 yrs., 1877-1920. Missing: Jan. -June, and total, 1877. 
Lowest Jan. temp,, 4- 28'" (35 yrs.). • 

* See also p. 22. 


Selected Long-term Rain and Temperature Records. — (Continued) 



Djwest 5 consec. months, 0.0. A., Several years. 

Highest 7 consec. months, Nov., 1861-May, 1862, 49.1. 

Extent of record, 71 yrs., 1850-1920. 

Ijowest Jan. temp., +29®. * 

* Seo also p. 22. <* 
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Selected Long-term Rain and Temperature Records^— (Con^mwed) 



Lowest^ consec. months, June- Oct., 1895, 1.9. 

Highest 7 consec. months, Oct., 1893--Apr., 1894, 37.4. 

Extent of record, 29 yrs., 1892--1920. 

Lowest Jan. temp., 4-3®. 

Table 6. Temperature and Rainfall in Desert Region, Southwest United States 

IJ. S. Weather Bureau 



Records Outside of United States. At Rancagua, Chili, ann ual ri^n fall 
1910-1916, varied from 15.8 to 60.6 in.»» Rainfall in Hawaii vari^ ajtoiiaUy 
from a few inches to nearly 600; it varies greatly in different loct^ti^.is 
Rainfall at Victoria reservoir, Western Australia, from 1897 to 1915 varied 
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Note. Red Bluff represents northern extremity of Sacramento Valley; Sacramento, central of that valley: San Francisco, central coast region; Fresno, cen- 
tral of San Joaquin Valley; Los Angeles, Southern California coast. Temperature, degrees Fahrenheit; rainfall, inches. 

• See abo page 20. 
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yearly from 18.3 to 44.2, averaging 35.9.13 At Havana, from 1859 to 1914,i4 
annual rate varied from 28.7 to 64.5, averaging 41.7. Rainfall at Cherrapunji, 
India, varied from 260.21 to 586.6 in.is For Chinese ifverages, see Freeman, 
T, A, S. C, F., Vol. 85, 1922, p. 1456. 


Table 8. Period within Which 60 Per Cent, of Annual Precipitation Occurs 


Regions 

i 

Period 

New York Lake Region 

June 20-Dec. 10 
May 1-Oct. 1 

May 15-Oct. 15 

Mar. 1-Aug. 5 

May 5-Sept. 25 

Dec. 1-May 5 

May 1-Aug. 10 

Apr. 15-Sept. 20 
Nov. 15-Mar. 20 
July 1-Oct. 20 

Nov. 1-Feb. 5 

Dec. 20-Mar. 5 

Central Virginia . . . T . 

Northern Florida 

Ohio 

Missouri 

Gulf Coast 

Northern Great Plains 

Southern Great Plains 

Snake River Region 

Arizona 

Willamette Valley 

Central California 



From data compiled by U. S. Weather Bureau from 1(300 Stations (1895-1914) and 2000 shorter 
records in “Atlas of American Agriculture” (1923). 


Table 9. Range of Rainfall, Foreign Stations 



Length of 

Annual rainfall in inches 

• 

years 

Maximum 

Minimum 

San Diego, Chile 

65 

32.3 

3.4 

Mondidier, France 

86 

32.7 

13.9 

Berlin, Gerinanv 

50 

30.2 

14.2 

Warsaw, Poland 

6f) 

46.6 

14.6 

Calcutta, India 

71 

98.48 

38.43 

Bombav, India 

54 

114.89 

35.90 

Barnaul, Siberia •. 

45 

17.6 

4.2 

Peking, China * 

31 

41.9 

9.5 

Hakodate, Japan 

33 

57.1 

27.7 

Adelaide, S. Australia 

69 

30.87 

13.43 

Brisbane, Queensland 

59 

88.26 

16.17 

Cape Town, S. Africa 

73 

41.03 

17.71 


Droughts. In Central States, previous to 1876, Iowa State Weather 
Service reports the greatest drought as 133 days in 1763. The year 1913 
was hot and dry in all parts of United States east of Rockies; at Clay Center, 
Kan., in 79 days of the growing season, rainfall was but 0.03 in. An observer 
at Ottawa, Kan., reported that the river was the lowest in 53 years. 

In Boston, a 36-day drought was ended on Apr. 3, 1915; on Nov. 22, 1924, 
a 44-day drought ended. In August and September, 1874, a 25-day drought 
occurred. The driest recent years have been 1894, 1901, 1911, 1913, and 1923. 
From June 1 to Sept. 30, 1923, the rainfall in Eastern United States was 3.83 
in. (25 per cent.) below normal. In 1921, is there was a drought in 
British Isles, surpassing those of 1864 and 1898; from Jan. 1 to Nov. 30, 
rainfall in London was 46.7 per cent, of normal; water supplies were 
endangered. A graphical study of droughts is given by V. V. Tchikoff 
in E. N. R., Sept. 18, 1919, p. 554. A table in Monthly Weather 
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Review, November, 1914, p. 630, indicates that driest periods at New York 
(1871-“1914) fall in September and October. For 28 days in September 1874 
only three traces are ‘recorded. J. B. Kincer presents a drought map for 
summer months in Monthly Weather Review, September, 1919, p. 630; historic 
droughts in United States are described in Monthly Weai^^ Review, Vol. 
26, 1898, p. 262. The following articles are from Monthly Weather Review: 
Kansas drought, 1910 and 1911, Vol. 38, 1910, p. 1704, and Vol. 39, 1911, p. 
1383; South Carolina, J910-1911, Vol. 39,^ 1911, p. 664; New York City, 
1871-1914, Vol. 42, 1914, p. 629; California, Vol. 48, 1920, p. 156. 


MAXIMA RATES* OF RAINFALL 

Studies of Miami Conservancy District, Ohio. Data on great storms and 
frequency of high rates of rainfall for eastern U. S. are given in Part V, Techni^ 
cal Reports.1[ Diagrams indicate that once in 100 years, a rainfall rate per 24 
hours may be expected varying from 5 in. along the Great Lakes and St. 
Ijawrence River to 10 in. along the Gulf of Mexico, exc^ept for a small area in 
Texas, which might be subject to 11 in.; for a 50-year period the lilnits become 
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Slorm Area, thousands of Square miles 

Fio. 3. — Time-area-d(»pth curves for storms over northern states sliowing greatest 
average depth of rainfall during 1 day. 


respectively 4 and 9 in. Figure 3 was derived from 15 great storms between 
1889 and 1915, and indicates the risk in proportioning a spillway for a 6*in. 
run-off from the watershed (see p. 93). 

Curves on Fig. 4 are based on curves, T, A . S, C. E,, Vol. 54, 1905. On Fig. 
4 have been introduced Allen’s New York curves,i« Sherman’s Springfield 
curves, *7 and Grunsky’s San Francisco curves.sb U. S. Housing Corporation, 

also “Excessive Storms, U. S., 1910-1918,” C, W. Sherman. B. N. E., May 29. 1919, pi 
1 ) and tabulation of European, Indian, and American storms in Proc. /n«<. C. E., Vdl. 217, 
p. 284. r . . , 

I llazen dmeusses this data in E. N. R., Nov. 24, 1921, p. 868. 
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John W. Alvordi Chief Engineer, prepared curves for 23 localities for storms 
during 1896-1917.* • 



Fig. 4. — Relation between intensity and duration of rainfall. 
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CHAPTER 2 


EVAPORATION* 


Value of Data. Evaporation data are of more use to the irrigation engi- 
neer, although the waterworks engineer utilizes them in correcting available 
capacities of vStorage reservoirs and in computing run-off from rainfall dat«. 
The engineer is interested in monthly and yearly data; many meteorological 
discussions consider days. 

Terms. Evaporation is used to denote both the process of vaporiza- 
tion and the quantity of water vaporized and diffused into the atmosphere 
from land and water surfaces, and frequently includes transpiration, deep seep- 
age, and other losses. 

Effect of Humidity. The amount of evaporation from the free water 
surfaces of arid regions is considerably greater, es}>e(*ially in warm countries, 
than evaporation from the sea, situated in the same* latitude, siiu^e the air 
possesses much lower relative humidity over the heated lands than over the 
sea. In the temperate zones, the values of relative humidity inland and at 
sea approach each other. 

Evaporation depends on: (a) Quantity of rainfall, (h) Distribution of 
rainfall, (c) Extent of the water surface, (d) Ternjxjrature. (c) Barometric 
effect, which is slight outside of effect of altitude on pressure. A liquid may 
exist at any temperature only when the pressure upon it is greater than the 
pressure of its vapor at that temperature. Tate says: ‘‘Others things being 
equal, the evaporation is nearly inversely pro])ortional to the atmospheric 
pressure.^' (/) Mean daily atmospheric x>ressure. (g) Mean annual atmos- 
pheric pressure, (h) Wind movement, (i) Inclination and geological char- 
acter of the W’atershed. {j) Extent of forest area, including sprout land, (k) 
Extent of swampy and marshy land. (1) Extent of cultivated land, {in) 
Humidity, (n) Extent of watershed. Temjjerature is one of the most 
important. 

Laws of Evaporation. There are 14 general laws of eva])oration. 1. For 
rainfall distributed uniformly' throughout the year, evaporation increases 
proportionally with rainfall. Distribution in showers, downpours, long driz- 
zling rains, and depths and promptness of melting of snowfalls, are important. 
2. Heavy winter snow and light summer rainfall together produce a small 
annual evaporation, and conversely. 3. The greater the watershed, the 
greater will be the evaporation. 4. The greater the area of water surface 
on the watershed, the greater will be the evaporation. 6. Evaporation varies 
nearly inversely as the atmospheric pressure, or nearly directly as the altitude 
of the watershed. (This is questioned by some authorities.) 6. The rate of 
evaporation is nearly proportional to the difference of temperatures indicated 


* For detailed dieeuBsion see ‘‘Hydrology,” by D. W, Meade, pp. 112-1.54, (McGraw-Hill Book 
& Sons ”lnc” 191'^/'^^’ “Elements of Hydrology,” by A. F. Meyer, pp. 188-241, (John Wiley 
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by the wet bulb and the dry bulb thermometers. 7. The capacity of the 
atmospheric air for moisture is approximately doubled for each 20®F. increase 
in atmospheric temperature. From data on Croton, Pequannock, and Sud- 
bury sheds, T. Merriman deduces the law: For each degree increase in tem- 
perature, the rainfall evaporated will be increased by very nearly 2 per cent. 
8. Evaporation varies nearly directly as the wind movement. 9. Evaporation 
from a watershed varies approximately inversely as the square root of the sine 
of the angle of its average inclination. “Average inclination is the difference 
in altitude between the highest and the lowest point, divided by the diagonal of 
a square of area equivalent to the watershed. (Questioned by some authori-- 
tics.) 10. Evaporation from a watershed varies nearly as the extent of the 
surface exposed. The extent of the surface exposed is nearly proportional to 
area of watershed divided by the cosine of the angle of its average inclination. 
(Also questioned by some authorities.) 11. Time is an important factor in 
evaporation, and the shorter the time that it takes water to run off, the less 
will be the evaporation. Evaporation is comparatively slight in the water- 
courses. Eva])oration varies directly as the time, and time in turn varies 
nearly inversely as the square root of the sine of the angle of inclination. 12. 
Evaporation varies nearly inversely as the porosity of the materials covering 
the watershed, or rather as the depth of the surface of saturation. 13. 
Evaporation varies approximately with the extent of cultivated land on the 
watershed. 14. ICvaporation varies inversely with the extent of forest and 
sprout area on tlie waterslied. 

Sunshine data, tabulated in If, S. Weather Review: see specifically i7nd., 
November, 1911). 

FORMULAS 


Vermeule’s Formula. In formulas below, for monthly evaporation, e == 
monthly evaj)oration, in.; / = (0.05^*»- 1.48), where t is the mean monthly 
temx)erature, °F., r — monthly rainfall, in. For yearly evai)oration, E = 


Month 

Formula 

Month 

Formula 

Jan f T - - - 

e =/(0.27 + O.lOr) 
e =/(0.30 4- O.lOr) 
e =/((). 48 4- O.lOr) 
c =/(0,87 4- O.lOr) 
g =/(1.87 4'0.20r) 
e =/(2.60 4-0.25r) 

July 

e =/(3.00 + 0.30r) 

Ffth 

Aug 

e =/(2.62 4- 0.25r) 
c =/(1.63 4“ 0.20r) 
e -/(0.88 4- 0.12r) 
6 =/(0.66 4- O.lOr) 
e =/(0.42 4- O.lOr) 

IVIar 

Sept 

Apr 

mftV 

Oct 

Nov 

June 

Dec 


F(15.r)0 + O.lO/f), where E = yearly evaporation, in.; F - (0.05T — 1.48); 
T = mean yearly temperature, ®F.; R = yearly rainfall, in. This formula 
was deduc(Hi from New Jersey conditions (1894 Report, N. J. Geological 
Survey), and has the advantage of allowing for the monthly variations in 
rainfall. Constants are based on mean temperatures of watershed. 

FitzGerald’s Formula.2 FitzGerald’s complete formula for evaporation 
is: 

Eh = [0.014(5 - Fa) + 0.0012(5 - F.)2](l + 0.677*) 

The .simpler formula is sufficiently accurate for most practical purposes: 

(5 - F.)a + 7/2) p = o _ O- ^mTg -_r.)6 

60 “ 689 - T, 
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h = height of barometer, in. of mercury; Ek * evaporation per-lir., in.; ^ = 
maximum force of the vapor in in. of mercury, corresponding to tempera- 
ture of the water; Fa = force of atmospheric vapor, in in. of mercury; V ~ 
velocity of the wind, mi. per hr.; Ta = temperature of the air, ®C., by dry 
thermometer; T, = temperature of evaporation in ®C., by wet thermometer. 
No difference in evaporation is found between a pan in the sun and one in 
the shade. The depth of water has no other influence on evaporation than 
that due to its effect on the temperature of the water. Wind factor = 1 + 
0.67 y*. Ordinary barometric changes are so slight that they may be disre- 
garded so far as influence on natural evaporation goes. For the correct 
wind factor, measure the velocity near the water surface, not at some distance 
from it, nor far above it. 

Evaporation is influenced by the wind, as shown by the following observa- 
tions: 


Wind velocity, mi. per hr 0 5 10 15 20 25 30 

Relative evaporation observed 1.0 2 2 3.8 4.9 5.7 6.1 6.3 

Relative evaporation computed by Fitz- 
Gerald’s formula 1.0 2.8 3.7 4.4 5.0 5.6 6.2 

Wind Factor. See paragraph above for FitzGerald’s. Russel found + 

for velocities up to 15 or 20 mi. per hr.; Bigelow, fl + A. F. 

Meyer uses Wind velocities, as recorded by the Weather Bureau 

(see Table 307, p. 827) are those about 30 ft. above the ground and are about 
three times more than those at the .surface. 

Table 10. Evaporation and Temperatures of Water Surfaces. (FitzGerald*) 


Month 


A verage 

temperature Evapora- 
of water, lion, inches 
deg,, Fahr. 


Month 

Average 

temperature* 

Evapora- 

’ of water, 

tion, inches 


deg., Fahr. 



January 32.8 1.0 

February 32.4 -JO 

March 36.4 1.7 

April 46.5 3.0 

May f>8.6 4.5 

June 67 9 5 5 



* Based on experiments at Chestnut Hill reservoir, Boston, IST-V 1^90.® The table above and 
other experiments indicate that each 9®F. change in w'ater temperature corresponds to about 1 in. 
per mouth of change in amount of evaporation. Hate of evaporation was measured at 4 places in 
Maine by U. S. Geological Survey, July 1, 1905 to Nov. 7, 1908, Water Supply Paper No, 279. The 
annual evaporation was substantially 26 in. t Average annual temperature » 51.2°F. 


Dalton’s Formula.^* — Evaporation from the free surface of water is given by 
the following equation by Dalton:* 

Ek = 1.80 XcX S 

w here c - empirical constant which depends on the air circulation over the watefc 
S = maximum tension of water vapor at the temperature of the evaporating 
water, in. of mercury. 

d = relative humidity of atmosphere to water vapor. 
h ~ reading of barometer, in. of mercury. 

♦ H. E. Horton proposed a modified formula in E. N. R., Apr. 26. 1917, p. 196. , 
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For quiet air, c = 0.55; for moderately agitated air, c =«0.71; for heavy wind, 
c « 0.86.. , • 

Maxima tensions, of water vapor for different temperatures are given in 
Table 12, below. For moderately agitated air at temperature of 50®F., and 
with barometer at 29.53 in., and with 60 per cent, relative humidity in the air. 

Eh — 1.80 X 0.71 X 0.36 ^~29 53”) = 0.0062 in. per hr. 

Lueger assumes for the dry period an average evaporation of 0.16 to 0.39 in. 
per day, according to climate. Other observers have found that in the temperate 
zone, with a yearly average temperature of 50°F., the yearly evaporation from a 
free surface is .3 ft. At a temperature of 77°F., the daily evaporation might bo 
0.4 in. which gives for each sq. mi. of free water surface a daily loss of 929,000 cu. ft. 

Temperature and Wind RelationA^ In the tropics,, the average annual 
temperature is 25®C. = 77®F.; from 23} to 40 deg. of north or south latitude, 
average temperature is 20°C. = 68°F.; from 40 to 50 deg. latitude, 12.6*’C. « 
54.5°F.; from 50 to 60 deg. latitude, 5°C. ~ 41°F.; from 60 to 66} deg. of latitude 
(polar circles), 2.5°C. = 36.5°F. and from the Polar Circles to the Poles, — 2°C. = 
28.4°F. If there is normally a strong wind blowing (c = 0.86) so that 75 per cent. 
repr(^senta the relative humidity of air adjacent to water. 

Eh = 1.80 X 0.86 X *8(1 - 0.75) -f- 29.92. 


Table 11. Relation of Average Yearly Temperature to Yearly Evaporation^ h 

Computed from Dalton’s Formula (Barometer at 29.92 in.) 

/ Centigrade 25 20 12 5 2.5 -2 

Fahrenheit 77 68 54 41. 36 28 

mm 2660 1965 1180 738 630 452 

in 105 77 46 29 25 18 


Temperature 
Yearly evaporation 1 


I 


Within the range of annual variation of temperature prevailing through- 
out the Northwest United States, the rate of evaporation will vary about 
700 to 1200 per cent., due to tcinpeAturc changes alone (A. F. Meyer'h). 


Table 12. Maximum Tension of Water Vapor for Different Temperatures 


Temperature 

oc op 

Vapor tension 

Temperature 

oc pp 

Vapor tension | 

nun., 

mercury 

in., 

mercury 

mm., 

mercury 

in.. 

mercury 

-20 

-4.0 

0.927 

0.04 

16 

60.8 

13.536 

0.53 

-18 

-0.4 

1 . 100 

0.04 

18 

64.4 

15.357 

0,60 

-15 

+5.0 

1.400 

0.06 


68.0 

17.391 

0.68 

-12 

10.4 

1.780 

0.07 

22 

71.6 

19.659 

0.77 

-10 

14.0 

2.093 

0.08 

24 

75.2 

22.184 

0.87 

- 8 

17.6 

2.455 

0.10 

25 

77.0 

23.550 

0.93 

- 5 

23.0 

3.113 

0.12 

26 

78.8 

24.988 

0.98 

- 3 

26.6 

3.644 

0.14 

28 

82.4 

28.101 

1.11 

0 

32.0 

4.600 

0.18 

30 

86.0 

31.648 

1.24 

+ 2 

35.6 

5.302 

0.21 

32 

89.6 

35.359 

1.39 

. ^ 4 

39.2 

6.097 

0.24 

33 

91.4 

37.411 

1.47 

5 

41.0 

6.534 

0.26 

34 

93.2 

39.565 

l.M 

6 

42.8 

6,988 

0.28 

35 

95.0 

41.827 

1.6S 

8 

46.4 

8.017 

0.32 

36 

96.8 

44.201 

1.74 

10 

60.0 

9.165 

0.36 

37 

98.6 

46.691 

-.1.84'^' 

12 

63.6 

10.457 

0.41 

38 

100.4 

40.302 

1,94 

14 

57.2 

11.908 

0.47 

39 

102.2 

52.039 

2M 

15 

59.0 

12.699 

0.50 

40 

104.0 

64.806 
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U. S. Weather Bureau Formula.® Study of observatiotis at Abbassia^ 
Boston, Fort Collins ^nd Nakuss showed the constants of Dalton's evapora- 
tion formula to be very inconsistent; it was inferred, therefore, that the for- 
mula is not satisfactor}^ The following formula, based on observations, is 
proposed; 

E^^CmE^^^{l + Aw) 

Cf(h) = a variable, a function of the height of ])an. 

E = vapor pressure, corresponding to the dew point of air. 

dc 

^ ~ ratio of increase of vapor pressure to increase of temperature. 
Centigrade. 

w = wind velocity, kilometers i)er hr. 

A = a wind constant. 

The size of pan makes an insignificant difference in evaporation, under th(» 
same local conditions. Diiryea and Haehl®® have recommended as values of 
C/(^) from Salton sea and other tests: 0 042 for 2-ft. pans, 0 036 for 4-ft. 
pans; 0.031 for 6-ft. pans, and 0.024 for large lak(‘ surfaces. Grunsky points 
out that no formula of Dalton tyjie, or of the ty])e suggested by Professor 
Bigelow (U. 8. Weather Bureau), will meet the requirements of the engineer 
when called on to det('rmiiic from weather conditions alone thc'-(iuantity of 
evaporation from a sheet of water not 3’’et in existence.®^) 



Meyer’s Formula. For evaporation, at St. Paul, Minn..ic 

= 15 ^(1 - d) (l + J'y) 

in which Em = evaporation, in in. jkt month, 

S = maximum vapor pressure, in in. of mercury, at monthly mean ^ 
air temperature; 

d ~ relative humidity of atmosphere to water vapor; ^ 

V ^ wind velocity, in mi. per hr., as measured by the Weathei;^ 
Bureau, approximately 30 ft. above the general level of the 
\ surrounding country. 


Table 13. Evaporation from Water Surfaces in Inches 
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Table 13. Evaporation from Water Surfaces in Inches — {CorUinued) 
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Lowcock’s JJonnula, See Surveyor, Dec. 24, 1909, p. 742. 

Grunsky^a develops a formula for calculating evappration in terms of 
temperature for various altitudes: 

E -- + 0.0000033\/^i 

in which E == mean monthly rate of evaporation in ft. per 24 hr. 

E' == mean monthly rate of evaporation at sea level. 

I = mean monthly temperature, °F. 
a ~ elevation in ft. above sea level. 

RECORDS AND THEIR USE 

Pan Tests. The U. S. Dept, of Agriculture has several bureaus engaged 
in making pan tests.* Observ^ations at Reno, Nev., Aug. 1 to Sept. 15, 
1907, show that the locations of the pans relative to the water of the reser- 
voir are important in measuring total evaporation. Readings on pans distant 
from a reservoir cannot be transferred to the water surface without the utmost 
caution. See also discussion on Lake Conchos tests in 7’. A . S. C. E., Vol. 80, 
1916, p. 1851. Horton emphasizes need for experimental determination of 
ratio of evaporation from standard pans to evaporation from a larger surface, f-® 
From Salton^sea tests, Prof. F. H. Bigelow deduced that evaporation depth 
from reservoir surface is 62 i>er cent, of that from pan. At Lake Conchos, 
Mexico (67.7 sq. mi. in area; average depth, 61 ft.; 4300 ft. above sea level; 
mean yearly temperature, 67®), Duryea and Haehl checked this ratio, with 
pan 3 ft. square.®c From pan tests, U. S. Weather Bureau concludes that if 
evaporation from a large water surface is 1, that from a pan of 2 ft. diam. is 
at rate of 1.75; diam. 4.5 ft., rate 1.50; diam. 6 ft., rate 1.30. 

Variation in United States. Evaporation in the United States varies 
from 18 to over 100 in., annually, being greatest in the arid regions, and least 
at high altitudes in the north. 

Table 14. Records of Reservoir and Land Pans at Charleston Reservoir, 19 Years, 

1906 -1923,11 in Inches 

lifservoir Land 


January... 2.22 4.48 

February. ,2.45 4.85 

March 3.67 7.39 

April 4.71 8.72 

5.45 10.12 

June 5.66 10.42 

July 5.03 9.53 

August.... 4.54 9.02 

September 4.38 7,93 

October... 4.02 6.82 

November 2.81 6.16 

December . 2.10 4 10 

Yearly 45.83 88!54 


• See Table 13, also J. of Aur. Research, Vol. 10. No. 5, 1917, and Monthlu Weather Reeiew 
December, 1916. 

t See records in Monthly Weather Review, notably December, 1916, p. 674; October. 1921 dd 
55S->-566. ’ ♦ 
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In Western Uiiited States, a committee reported to Pacific Coast Elec- 
tric light and Powea* Assn., (1) that in Western United States, evaporation 



• T. A. S. C. E., Vol. 79, 1915, p. 1079. 
Fig. 6. 



Monthly Evwpor<»tior» In Inche* 

• T. A. S. C. E., Vol. 79, 1915, p. 1072. 

Fia. 7. 

from a water surface or floating pan is two-thirds that from a land-exposed, 
buried pan; (2) that floating x>an observations, if properly made, and if certltin 
precautions are taken, are the most reliable for reservoir calculations* 
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New York ^tate Barge Canal, in Kuichling^s report (1896), is estimated to 
lose daily 0.30 in. by evaporation. He adds 10 per cent, to this, as a pro- 
vision for consumption by aquatic plants, giving a total of 0.33 in. 

Effect on Reservoir Design. Evaj>oration is subject to great variation 
due to difference in mean depth, temperature, winds, and relative humidity. 
Evaporation losses must be considered in all computations of reservoir capac- 
ity. They may reduce reservoir capacity 50 per cent, per annum. Careful 
measurements in a floating pan at Sweetwater dam, Cal., showed an annual 
loss of 54 in.; 2 in. in January, and 8 in. per month for July and August. 
This amounts to an annual loss of 15 per cent, of the stored water, and as 
the reservoir must hold 2 years’ supply to tide over dry years, evaporation 
amounts to 30 per cent, of the water impounded. This leaves 70 per cent, 
as available capacity. At Cuyamaca reservoir on an adjacent watershed, 
average annual evaporation loss for 9 years was 56.7 in. This amounts to 
a 26 per cent, yearly loss, considerably larger than for Sweetwater, probably 
due to much greater exposed surface per volume stored. These instances 
show the advantages of deep reservoirs and high dams for effective conserva- 
tion of water.® 

Hazen’s rules'® for yield* studies; (a) Where average rainfall exceeds 
evaporation (1) allow 1 ft. at the flow line as generally sufficient. (This is 
arbitrary, e\%n for Eastern States); or (2) allow a quantity calculated by 
deducting two-thirds of mean annual rainfall from estimated mean annual 
eva]X)ratign from water surface, (h) Where average rainfall does not exceed 
evaporation, compute yield for full-capacity reservoir, and deduct the net 
loss by evaporation, computed as a draft. 

SOIL EVAPORATION 

Rate of evaporation from soils depends upon: (1) Amount of precipita- 
tion; (2) moisture in the surface soil; (3) temperature of the air; (4) force of 
the wind; (5) proximity of the surface of saturation to the surface of the 
ground; (6) the slope and smoothness of the ground. The most complete 
observations are those made by Gilbert and Laws, in England, from 1870 
to 1890, from laboratory experiments on somewhat heavy soils, uncropped, 
made in tanks wherein the sums of the percolation and evaporation are equal 
to the rainfall. For Owens Valley data, see Wedev Supply and Irtigaiion 
Paper 294, 1912. , 

Lysimeter Experiments, Umatilla Field Station, Hermiston, Oregon, t The 
lysimeters are square chambers constructed of oil-mixed concrete. They are 
3.3 ft. square (inside dimension) and 6 ft. deep; equipped with a recording 
device below to measure the percolating water. They were constructed in 
1915 and observations were begun on May 22 of that year and have been 
continued since that time. 

One lysimeter containing a sandy vsoil has been kept free from plant growth 
to observe the quantity lost by evaporation from the soil. This quantity has 
been determined by subtracting from the quantity applied, both as irrigation 
and rainfall, the quantity collected from below the 6-ft. depth as percolate. 

f See p. 89, Chap. 6. 

t Ih^ormation from U. S. Dept. Agri., Bureau of Plant Industry. 



36 


WATERWORKS HANDBOOK 


The difference is taken as the loss by evaporation. This loss,.by evaporation 
from the soil, whichns irrigated at frequent intervals, may be compared with 
the loss from a free water surface exposed to similar climatic conditions. 


Table 16. Evaporation from Soil in an Uncropped Lysimeter, and from a Free 
Water Surface in an Evaporation Tank, Boffi Located on a Level with the 
Ground Surface, Umatilla Field Station, Hermiston^ Ore. 


Year 

Loss from soil, in. 

Ivoss from evaporation tank, in. 

1915 

12.71 (after May 22) 

34.28 (Juno-November, in(4usivc) 

1915 

12.31 

38.74 (M arch-October, inclusive') 

1917 

19.86 

39.97 (Anril-Octobcr, inclusive) 

1918 

22.16 

40.95 (M arch-October, in(4usive) 

1919 

24.55 

43 . 15 (M arch-October, inclusive) 


Table 16. Relation of Soil Evaporation and Percolation to Rainfall 



Average 

monthly 

rainfall 

1870-90, 

in. 

Evaporation 

Percolation at 60-in. depth | 

Average, 

in. 

Per cent, 
of yearly 
total 

Per cent, 
of monthly 
rainfall 

Average, 

in. 

Per cent, 
of yearly 
total 

Per cent, 
of monthly 
rainfall 

Jan 

2.51 


2.7 

17.9 

2.06 

15.2 

82.1 

Feb 

2.04 


3.6 

29.4 

1.44 

10.4 

70.6 

Mar 

1.74 


5.3 

50.6 

0.86 

6,3 

49.4 

Apr 

2.21 

1.53 

9.2 

69.2 

0.68 

5.0 

30.8 

May 

2.28 

1.69 

10.1 

74.2 

0.59 

4.3 

25.8 

June 

2.52 

1.92 

11.5 

76.2 

0.60 

4.4 

23.8 

July 

3.03 

2.26 

13.6 

74.6 

0.77 

5.7 ■ 

25.4 

Aug 

2.45 

1,95 

11.6 

79.6 

0.50 

3.7 

20.4 

Sept 

2,86 

2.11 

12.6 

73.8 

0.75 

5.5 

26.2 

Oct 

3.20 


10.2 

53.1 

1.50 

11.1 

46.9 

Nov 

3.03 

0,98 

5.9 1 

32.3 

2.05 

15.1 

67.7 

Dec 

2.42 


3.7 

25.2 

1.81 

13.3 

74.8 

Year 

30.29 

16,68 

100,9 

55.1 

13.61 

100.0 

44.9 


TRANSPIRATION 

Transpiration denotes the Avater which escapes as vapor from the stomata of 
leaves, and the process by which such loss of moisture takes pla(;e. Hygro- 
scopic water, that is, the water retained in the vegetable substance produced, 
is inconsequential. 

Transpiration Curve. Base values for total transpiration, in inches of 
depth, during the growing season on any given watershed, are selected with 
reference to character of vegetation and length of growing season, giving 
consideration also to available sunshine. A normal seasonal transpiration of 
about 9 in. has been assumed for small grains, grasses, and other agricultural 
crops, 8 in. for deciduous trees, 4 in. for evergreen trees, and 6 in. for small 
trees and brush. Normal monthly distribution of this total seasonal transpira- 
tion is based mainly on temperature. To obtain actual transpiration in any 
given month, values from the transpiration curve, after being multiplied by a 
coefficient, must be further modified on the basis of available moisture. 
Where precipitation minus evaporation for ^ given month is insufficient to 
meet normal plant requirements, the ground water is drawn on to a varying 
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extent, depending on character of root system, depth and character of soil, 
and quantity of surface soil storage, as determined byi precipitation minus 
losses for previous months-'^ 



Fkj. (S.— Base curve of transpiration.^® 


Table 17, Examples of Results from Transpiration Curve (Fig. 8) 


Name of watef- 
ahed 

Year 

Total seasonal 
transpiration, off 
curve 

Name of water- 
shed 

Year 

Total seasonal 
transpiration, off 
curve 

Little Fork 

1909 

8. 1 

Ottertail 

1909 

9.3 

Little Fork 

1910 

8.5 

St. Croix 

1907 

7.6 

Minnesota 

1609 

10.3 

St. Croix 

1912 

9.8 

Minnesota 

Ottertail 


12.3 

9,8 

Tombigbee 

1906 

20.1 


In a gent^ral way, using mean monthly temperatures for watersheds in Minnesota, curve will 
give a normal seasonal transpiration of about 10 in. The curve takes into consideration only one 
factor, temperature. Character and density of v^etation, hours of sunshine, available moisture, 
etc,, all enter in determining transpiration. • 


Table 18. Evaporation (Transpiration) from Various Kinds of Vegetation 

Harrington 


Vegetation 

Proportion of evaporation 
from free water 
surface 

Proportion of precipitation* 

Sod 

1.92 

0.96 

Cereals 

1.73 

0.86 

Forest 

1.51 . 

0.75 

Mixed 

1.44 

0 72 

Bare soil 

0.60 

0.30 


* Warm season, May to Sept. 
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CHAPTER 3 


RUN-OFF AND STREAM-FLOW* 

Source. The flow of a stream is derived from precipitation on the catch- 
ment area. Flood flows are direct from rainfall or melting snow, while dry- 
weather flow is maintained by pondage or by ground storage. 

Definitions.! & The run-off of a given area is the quantity of water dis- 
charged from that area. Yield (Chap. 6) is the collectible portion of the 
surface and ground waters. Stream-flow is the visible portion of the run-off ; 
it includes not only the water entering the stream over the earth^s surface, but 
also water which is temporarily absorbed on the catchment area and tardily 
discharged into stream. WaUrrshedj or drainage area,t of a stream, at a given 
point, is the area which contributes its run-off to the stream above that point. 

Factors that modify or control run-off2 are numerous and vary widely in 
different regions. A number are given below. Of some the effects are indi- 
cated; of others they will be obvious after a little thought. Some factory 
mentioned do not apply to small watersheds. On very large watersheds, 
there may be some counterbalancing of effects. 

1. Precipitation, (a) Rain or snow.J (?>) Amount of each, and the total 
annual precipitation, (c) Distribution throughout the year, (d) Intensity 
or manner of occurrence, (c) The character, direction, extent and duration 
of storms. 

2. Temperature, (a) Variations on the watershed, (b) Relation of 
extreme temperatures to the occurrence of precipitation, (c) Accumulation 
of snow and ice caused by low temperature, (d) Occurrence of low tempera- 
ture causing the freezing of the ground at times of heavy rains, resulting in 
excessive run-off. 

3. Topography, (a) Level, or degree of inclination, {h) Character of the 
area, whether smooth or rough, (c) Elevation. Hazen reduces annual 
run-off 0.64 in. for each 100 ft. higher altitude.^ 

4. Geology, (a) Pervious or impervious. (6) If pervious, whether such 
pervious deposits are: (1) shallow or deep; (2) level or inclined; and whether 
the outlet or point of discharge of the pervious deposits are: (3) in the lower 
valley of the same river, or (4) in valleys of other rivers or in the sea. (c) 
Condition of the channel of stream, whether: (1) pervious or impervious; (2) 
whether the bed contains more or less extensive deposits of sand and gravel, 
permitting development of more or less extensive underflow. A watershed 
covered with loose gravel and sand will generally show a greater yield than 
one with a clay cover, as the rainfall sinks into the porous material and is 

* For more extended discuMion, see “Elements of Hydrology,” by A. F. Meyer® (Wiley, 1917); 
“Hydrology,” by D. W. Mead (McGraw-Hill Book Company, Inc., 1919); Report of CommittM 
on Hun-oflF, 1922, Boston Soc. C, E , : and Technical ReporiSt Miami Conservancy District, particularly 
Part VIII, 1921. 

t “ Catchment area,” used in British practice, is a preferable term. 

X Studies by Nevada Cooperative Snow Survey disprove the theory that dense snow assures 
retarded run-off.® 
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largely protected against evaporation until it drains into^ the streams, (d) 
Degree of saturation of soil, (e) Soil temperature. ^ 

5. Condition of the Surface, (a) Extent of vegetation, (b) Extent of 
cultivated areas, (c) Nature of vegetation — whether grass land, crops, or 
forests. 

6. Natural Stcyra^e. (a) Nature and extent of surface storage — lakes, 
ponds, marshes, and swamps. (6) Nature and extent of ground storage, in 
gravel, sand, and other pervious deposits. 

7. Geography, (a) Size. (6) Shape — ^long and narrow, or short and 
broad.* (c) Location relative to prevailing winds, (d) Direction relative 
to path of storms, (e) lielation to mountains. (/) Distance from the ocean 
or other large body of water, (g) Snow-capped mountains or glaciers, or 
high or wooded areas retaining snow late into the warm season. 

8. Character of the Stream and its T'rihutaries. {a) Slope or gradient. 
(6) Falls and rapids, (c) Cross-section of the stream — deep or shallow, 
(d) Arrangement of tributaries — joining the main stream at various points 
along its course or concentrated in a fan-like arrangement at a common point 
of discharge. Length of stream channels per unit of area. 

9. Artificial Coiitrol of the Stream, (a) Dams and storage reservoirs, {h) 
Restrictions by dikes and levees, (c) Obstruction by piers, abutments, and 
other encroachments in the waterway, (d) Diversion. 

10. Artificial Use of the Stream, (a) Irrigation, (b) Water supply, (c) 
Supply of navigation canals, (d) Artificial storage and regulation. 

11. Character and Extent of the Winds, (a) Intensity and direction, (b) 
Modification by mountains and forests, (c) Frequency and duration. 

12. Ice Formation, (a) Modifying the winter flows of the stream, (b) 
Gorges and accompanying floods. 

13. Evaporation.] (a) Governed largely by conditions mentioned above. 
(b) Proportion of water surface to total flj*ea. 

Units. Run-off is expressed as (1) second feet per square mile of area 
drained; (2) depth in in. per month (or other convenient time interval); (3) 
per cent, of rainfall. This last has been discarded by Meyer and other recent 
investigators, who consider that run-off is a residual, i.e., precipitation minus 
losses in evaporation, transpiration, interception by vegetation, and deep 
seepage. (4) Ratio to arithmetic mean; employed by HalP in studying 
variations of California streams. 

Importance of Data. Stream-flow dataware essential in flood studies 
and spillway designs, while yield data are required for all water-supply 
investigations. 


STREAM GAGINGSt 

Requisites. The object of stream gagings is to secure records from which 
can be deduced the flow of the stream over a period of years. It is essential 
that gaging stations be chosen at sites where the regimen of the stream is fairly 
established. A thorough knowledge of the physical characteristics of a stream 

♦ Hearn® concludes that watersheds shaped to provide greatest concentration, e.g. semicircular 
areas, may have 2.5 times the run-off of sheds of triangular shape. 

t See Chapter 2. 

t See Hoyt and Grover. *‘River Discharge,*’ (Wiley, 1923); and references in footnote on page 
38 for particulars; see also p. 792. 
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is necessary to selcfot gaging stations properly. A good station/or higher flows 
is often useless for the smaller flows, while a station well adapted to medium 
flows has proved worthless for the extreme stages. Rarely can a station be 
used for all stream stages with equally good results. Measurements of veloc- 
ity should be made at various gage heights, and determination by soundings 
of the waterway corresponding to these gage heights, whence discharges 
may be calculated. A rating table is constructed, to show discharges at 
various gage heights. Daily, or at times more frequent, readings of gage 
heights are needed. Inde|>endent discharge measurements, as a rule, are of 
little value unless taken at stages known to be either extremely low or 
extremely high. In ordinary work it is necessary to make a series of measure- 
ments wdiich, with daily gage heights, make }x)ssible computation of total flow 
and its distribution. 

Section.®® The ideal measuring section sliould be i)cn)endicular to thread 
of current, and where conditions of bank and bed, above and below, are pei- 
manent. This section is divided into partial areas by i>erpendicidars terminat- 
ing in surface at points where observations of de])th and mean velocity in th(^ 
vertical are made. The measuring points should be s])aced to show any irregu- 
larities in cross-section or velocity. For repeated measurements, points 
should be |K^rmauently marked. 

Soundings. In sounding with a rod, take care it does not sinlc into bed of 
stream, and that reading is not too high on account of water running up on it. 
Soundings should be made by a weight attached to a line, the weight having a 
pointed end upstream to offer least resistance to the current. 

Velocity by Floats. Velocities of streams may be ol)taincd for rough 
approximations of discharge by placing in midstream floating bodies of about 
the specific gravity of water, and noting the time taken to traverse a measured 
distance. It must be borne in mind that the velocity is greatest at the sur- 
face of the water in midstream. Experiments show that the mean velocity 
for a cross-section is about 83 per cent, of this maximum. A fair allowance 
must be made for local conditions altering this jjercentage. The cross-sec- 
tion may be estimated by measuring the depth at ecjual distances across, 
plotting a profile, and planimetering the plotted area; or by taking the average 
of these depths, and multiplying by the width. 

Velocity. ^0 With the aid of a current meter, six methods are available : 
(1) vertical velocity curve; (2) the single point method (one gaging in each 
vertical about 0.6 depth of theSstream below the surface) ; (3) top and bottom 
method (1 ft. below top and 1 ft. above bottom) the average being used; 
(4) vertical integration method; (5) two-tenths-eight-tenths method; (6) 
sub-surface method. 

(l)8b Measurements are usually made just beneath surface, at 0.5 ft. below 
surface, at each fifth to each tenth of depth, and as near the bottom as possible. 
These measured velocities, plotted with depths as ordinates and velocities as 
abscissas, define a vertical velocity-curve, which shows velocity at every point 
in vertical, and from which mean velocity can be determined by dividing area 
bounded by curve and axis of ordinates by mean depth. The following three 
methods are used in this determination: (a) Determine area with planimeter. 
{h) Divide area into sections of equal depth, usually ten ; take mean of velocities 
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at mid-points of sections as mean velocity, (c) Divide ai^a into sections of 
convenient depth, which will be equal, except bottom section which may have 
an odd depth. If bottom section is same depth as others, take mean of middle 
ordinates. If bottom section is odd depth, multiply its mean velocity by ratio 
of its depth to sum of middle ordinates of other sections, and divide by number 
of sections. This takes too long for ordinary use; it should be used only as a 
standard. In (2), for flood measurements, the meter is held about 1 ft. below 
the surface and a coefficient of 0.85 to 0.90 is applied to reduce the observed 
velocity to the mean for that vertical. In (4), the mean velocity for the verti- 
cal is determined by lowering the meter at a slow uniform speed from the sur- 
face to the bed, and then raising it to the surface. The velocity as indicated 
by the mean number of revolutions i)er second is taken as the mean velocity 
for that vertical. Special care has to be taken in lowering to avoid increasing 
the number of revolutions, by the vertical motion. This method is used to 
good advantage in high-water measurements, where the high velocity makes it 
impossible to hold the meter at any given point. It is also used under ice or 
where conditions are such that the point method is unreliable. 

The six-tenths method (see (2)) has been superseded on the Catskill 
Waterworks of New York City by the two-ten ths-eight-tenths method, which 
is theoretically and practically correct. 

(5) ®c In tnvo-tenths-eight-tenths method, observations are taken at depths 
from surface of 0.2 and 0.8; mean velocity is taken as mean of velocities at 
these two points. Method is based on theory that vertical velo(;ity-curve is a 
parabola. Experience proves this method gives more consistent results than 
any other except vertical-velocity-curve method. 

(6) ®c In the sub-surface method, measurement is made at from 0.5 to 1 ft. 
below surface, depending on depth of stream; meter is held at sufficient depth 
to bo out of surface disturbance. When this method is used, velocity must be 
reduced by coefficient to obtain mean v^ocity; coefficient varies between 78 
and 98 per cent., depending on depth and velocity of stream. The deeper the 
stream and the greater the velocity, the greater the coefficient. For average 
streams in moderate freshets use 90 per cent.; in flood, 90 to 95 per cent.; at 
ordinary stages, 85 to 90 per cent. 

Velocity Variation in Cross-section.io The ratios of the average velocities, 
Fo, in the vertical cross-section to those at the surface, may be expressed: 


Fa 

f; 


0.79 + 


2.80 


W 

D 


+ 8 


This formula was tested by comparison with values determined by 43 meas- 
urements, at many places on streams widely different in physical character- 
istics; the ratio of width to depth varied from 7 to 110; the flow, or 

discharge, from 850 to 62,000 cu. ft. per sec. Errors by the formula were as 
follows, some being plus, some minus: In 5 cases, no error; 11 cases, 1 per 
cent.; 7 cases, 2 per cent.; 8 cases, 3 per cent; 5 cases, 7 per cent., the 
maximum. 

Gage-height recorders, intended to give a graphic record automatically, 
are made by Gurley, Stevens, Friez, and others. In hydrological studies 
for Seattle, apparatus was installed to record stream discharges automati- 
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cally.ii Silt and' debris will derange automatic apparat^s, and further 
improvements are denirable.®® 

Diaphragm. For epitome of results, 1905-1914, and bibliography, see 
BvlL 672, Univ. of Wisconsin, Weidner, 1914. 

Gaging Brooks of Small Flow. On brooks of smaU flow, a channel can be 
formed for current meter readings. Tests of accuracy showed discharge of 
0.13 sec. ft. by meter and 0.135 by positive measurement (a box). Another 
reading gave 0.15, positive, and 0.14 metered. Also a small weir can be set. 

Methods Compared.28 Groat cites errors in results by current meters, 
2 to over 8 per cent.; by weirs, 1; by diaphragm, H to 1; and by chemical 
tests, fraction of 1 per cent. 

RECORDS 

Published Data. The U. S. Geological Survey has for many years main- 
tained gaging stations on important streams, and the annual records are 
published annually in Water Supply and Irrigation Papers. Many municipal 
reports, notably New York, Boston and Philadelphia, contain rainfall and 
run-off data from the watersheds used for their water supplies. The Monthly 
Weather Review also publishes daily river stages at many stations. Flow in 
California streams has been recorded and estimated in Bull. 5, Report to 
California Legislature of 1923, by State Engineering Department. « 



® ibLjs .. *wm 
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Fig. 9. — Duration curves.^® 

(For Hudson River at Sherman Island, see T. A. S. C. E., Vol. 88, 1925, p. 1264 ) 


Graphical Presentations of Records, (a) Hydrographs are din grama 
whereon time in days, weeks, months, or years is the abscissa, and flows 
during successive time intervals are plotted as ordinates. Maximum and 
minimum flows are made apparent, conveying a clearer mental picture tha" 
tabulated values; horizontal lines can be drawn to designate flood periods; 
peaks above a horizontal line which represents a certain chosen value, may 
be integrated to arrive at the volume of the flood. (6) Mass curves, see p. 88. 
(c) Distribution of run-off curves, (d) Curve of average year by months. 

Distribution of Run-off Curves.2b First prepare a duration curve (Fig. 
), as follows: Arrange the monthly (or daily) records in order of magnitude 
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(reduced to cfa. per sq. mi.) from maximum down. Sinie records are for 
equal time intervals, the flows below any given magnitude may be readily 
calculated in terms of whole period. This furnishes the data* for plotting 
Fig. 9. 

To prepare Fig. 10, read the intercepts of each ordinate in Fig. 9, and 
compute the ratio to the average flow and plot in Fig. 10. The abscissa 
scales are the same in Figs. 9 and 10. The Committee on Run-off of Boston 
Soc. C. E. reports .‘lb ‘‘This method results in a comparison of the relative 
distribution of run-off regardless of the size of drainage area or the disparity 
between average flows at the stations.” 



0 10 Zb 30 40 5b GO 10 80 90 100 

Per Gcn+ of Time 

Fig. 10.— Comparison of run-olf, Connecticut River at Orford, Merrimack River 
at Lawrence, for Period: Oct. 1, 1900-Sept. 30, 1920.^*^ 

Rainfall and Run-off. Explanation of Tables. The following tables were 
compiled from Water Supply and Irrigation Papers on Stream Flow (U. S. 
Geological Survey) and from Monthly Weather Review. The second decimal 
is dropped from rainfall and run-off records, as explained on p. 2. Rainfall 
year, Oct. 1 to Sept. 30, rather than calendar year, is used. Quantities of 
rainfall and run-off are in inches depth. Quantities under Winter months. 
Summer months, and Yearly means are totals for those periods. All refer- 
ences to years are to rainfall year, beginning Oct. 1; t.e., 1903-1906 is under- 
stood to be Oct. 1, 1903 to Sept. 30, 1906. Elevations refer to height above 
sea-level and are intended merely as a guide in comparing watersheds. The 
lower elevation represents elevation where observation was made. The upper 
elevation represents the source, and not the highest point on the watershed. 
Stations are arranged geographically. 

See also E. N.^ Apr. 23, 1914, p. 904- 
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Table 19. Rainfall and Run-off of Representative Watersheds in Eastern IT. S. — {Continued) 

Time groups Winter months, Summer months, j Yearly means, 

Dec.- Apr. June-Sept. Oct. 1-Sept. 30 



♦ Lees than 0.05. See also Rainfall Records, 








Monthly min. 
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fiction abandoned in 1914. 









Table 19> Rainfall and Run-off of Representative Water sheds in Eastern U. S. — {Continued) 

Time ffrotinn Winter months, Summer months. Yearly means, 

xime groups Dec.-Apr. June-Sept. Oct. 1 -Sept. 3( 



Monthly min. 













































































} I Amount 

♦ Data. 1910 to 1^20 furnished by Penn Dept Forests and Waters 














































Amount | 0.2 | 0.2 \ 0.3 | 0.6 j 0.4 1.3 I 0.8 j 0.6 I 0.3 0.2 0.2 0.2 
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Table 19. Rainfall and Run-off of Representatiye Watersheds in Eastern U. S. — (Conchukd) 

Tim** .rfrYiina WintcF moothfli Summer months, Yearly means, 

lune groups Dec.-Apr. i June-Sept. Oct. 1-Sept. 3( 
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Monthly min. 
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Table 20. Raiiifall and Run-off, Southern California,^ near San Diegof^s 


Yi»r 

(8 

Barrett Dam rain gage. 
Kiev. 1700 ft. 

Morena Dam rain gage. 
Elov. 3300 ft. 

Run-off from Cottonwood 
water-shed at Barrett, 250 
sq. mi., in million gallons 




Total 

Per sq. mi. 

1906 

29 . 9 in. 

34.7 in. 

19,506 

11,080 

4,227 

9,414 

5,500 

78.0 

44 3 

1907 

12.8 in. 

18.6 in. 

1908 

16.8 in. 1 

20 . 5 in. 

16 9 

1909 

24 . 5 in. ! 

33 . 0 in. 

37 7 


11.3 in. 1 

13.9 in. 

22.0 



Season 
Julyl- 
June 30 j 

i 

1 

Rainfall at 
Sweetwater 
Dam, in. 

I 

1 

Run-off, in million 
gallons from 186 
sq. mi. 


Season 
July 1- 
Juno 30 

Rainfall at 
Sweetwater 
Dam, in. 

Run-off, in million 
gallons Do m 186 
sq. mi. 

! 

Total 

Per sq. 
mi. 

Total 

Per sq. 
mi 

1887-88 



2,302.6 

12.4 

ji 

1899-00 

5 . 5 

0 

0 

1888-89 

13.5 

8,250.1 

44.4 

1; 

1900-01 i 

7.0 

270.5 

1.5 

1889-90 

13.5 

6,707.9 

36.1 

111901-02 

4.9 

0 

0 

1890-91 

12.6 

7,045.9 1 

37.9 

1; 

1902-03 

5.7 

0 

0 

1891-92 

9.9 

2,024.8 

10.9 


1903-04 

6.4 

0 

0 

1892-93 

11. G 

5,312.1 1 

28.6 


1904-05 

15.5 

4,495.4 

24 . 2 

1893-94 

6.2 1 

437 . 1 ! 

2.4 

11905-06 

15.5 

11,434.5 

61.5 

1894-95 

16.2 

23,983.7 i 

128.9 

1 

1906-07 

12.9 

9,8(Jl .0 

52.7 

1895-96 

7.3 ! 

431.2 1 

2.3 

11907-08 

10.5 

1,2.34 . 0 

6.6 

1896-97 

11.0 

2,251.3 

12.1 


1908-09 

11.8 

.3,910.2 

21 0 

1897-98 

7.0 

1 . 3 

0.0 

i 

1909-10 

10.9 

2,859 , 3 

15.4 

1898-99 

5.0 

80.0 

0.4 

j 

1910-11 

10.0 

1,095.8 

5.9 

Total in 7 years, 1897-1898 to 1903-1904 


351.8 

1.9 


♦ Sec also p. 22. 

t For rainfall an<l run-olT at the C\)utineiital Divide, see K. N . H., .Ian. 21>, 102.'), p. 190. 

For run-off near Continental Divide, sec Horton, K. N. R., Feb. 2S, 1024, p. 355; and May 15, 
1024, p. 871. 


High Velocities in Stream Channels. Tho liighest velocitios whieli the 
Geological Survey ha.s inea.sured in natural channels were taktui on Grand 
River at Glen wood Springs, Colo.; several nieasureinents ranged from 10 
to 15 ft. j>er sec. These ineasunjments were not made at the maximuin stage 
and it is probable that the velocity of this stream exceeds 20 ft. per sec. at 
times. As Grand River is a ty])ical mountain stream, there are probably 
many other streams which have velocities as liigh as 20 ft. (Mean velocity of 
cross-.section.) 

Flood Flows.* For list giving flood flows in cu. ft. per sec. (averaged over 
24 hr.), catchment area and duration of record, see paper by Weston E. 
Fuller, T.A.aS.C.F., Vol. 77, 1914, p. 564, and p. 650; Part IV, TecJmiml 
Reports, Miami Conservancy District, 1918, p. 66; T. A. S. C. E., Vol. 85, 
1922, p. 1393 andp. 1528; Vol, 86,T923, p. 282; Vol. 87, 1924, p. 135; Proc. 
A . S. C. E,, Dec., 1924, p. 1563; also E, N, R., July 3, 1919, p. 30. 

Niagara River Flow. Quantity flowing over Niagara Falls is 220,(XX) to 
265,000 cu. ft. X)er sec. according to one authority. About 5 per cent, flows 
over the American Falls. Average flow is very uncertain, due to wind condi- 
tions on Lake Erie. According to gagings of Canadian government engi- 
neers at the time of a controversy over water to be taken for power, the flow 

Montana streama, see ref. 22; New York streams, ref. 23. 
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See also Fig. 23, p. 94. 
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varies from 300,000 to 700,000 cu. ft. per sec. How was estimated at 275,000 
cu. ft. by John Bogcrt in 1890. For best information, see Shenehon’s Report 
in Senate Document 105, Sixty-second Congress, 1911; and '' Niagara 
Power, — Its Development and Distribution,^' by Edward Dean Adams, 
New York, 1925. 

Honey Creek^z above New Carlisle, Ohio. Duration of rainfall, 3 hr, 
Houk concluded from investigations: (1) Maximum rainfall intensity exceeded 
6 in. in 3 hr. (2) Depth over 15 sq. mi. exceeded 2 in. in 3 hr. (3) Maximum 
rate of run-off from 6.7 sq. mi. averaged 2200 sec. ft. per sq. mi. A rainfall 
of 0.62 in. within 24 hr. had fairly wet the ground. All but 2 per cent, under 
cultivation. Glacial till, but not unusually pervious. 

Unusual Stream-flow in the Southern States.* Widespread floods in the 
Southern States, May and June, 1901, were reported to the U. S. Geological 
Survey'3 by E. W. M^'^ers. Six days subsequent to May 17, 4.49 in. of rain 
fell in North Carolina; the normal fall for 6 days is about 0.84 in. The maxi- 
mum fall for 24 hr. for the eastern district was 3.33 in., twenty-five times 
the normal. Local records for 48 hr., 7.95 in. (at Marion); for 6 days, 
8.68 in. (at Chapel Hill). The Catawba River, near Rock Hill, S. C., gave a 
flood discharge of 150,800 cu. ft. per sec. from a drainage area of 2987 sq. mi. 
== 50 cu. ft. per sec. per sq. mi. The greatest previous flood was less than 

100.000 cu. ft, per sec. Cane Creek, Mitchell Co., N. C., has 1650 ft. fall in 
11 mi. The banks are steeplj^ sloping, covered with thin soil. On account of 
the great fall, the ordinary flood height rarely exceeded 6 ft.; 1901 flood rose 
to 12 ft. Boulders of 2 to 8 cu. yds., weighing from 4 to 16 tons, were carried 
100 to 300 ft. Velocity, F, required to move bodies of mean diam., D, and 
specific gravity, immersed in water, w^as derived by Ganguillet and Kutter's 
formula, V = 5.67 \/Dg- If ^ = 2.7 (gneiss), and D =5 ft., V = 20.6 ft. 
per sec. The area of watershed was 22 sq. mi.; the extreme low water dis- 
charge, 8 to 10 cu. ft. per sec, ]>er sq. mi. Flood discharge was estimated to 
be 1340 cu. ft. per sec. per sq. mi. At Charleston, S. C., 5.0 in. of rain fell 
in 11 hr.. Sept. 11, 1912, of which 3.0 fell in 2 hr. on Goose Creek Watershed 
(49.1 sq. mi.) (J. H. Gregory); on July 15, 1916, over 16.3 in. fell in 24 hr., 
intensity at one time was 2 in. in 10 min. and maximum flow approximately 

20.000 cfs.i4 

Hawaii. Floods on small Hawaiian watersheds are recorded by Lippin- 
cott,2i as 2810 cfs. per sq. mi. for 1.1 sq. mi. to 1640 for 1.8 sq. mi. 1.5 sq, 
mi. had a sustained flood at rate of 833 cfs. for 1 1 hr. 

Sediment, t A stream through an alluvial valley tends to charge itself 
with sediment, which remains in exact proportion to the power of the water to 
carry it. Although the scouring capacity of a stream theoretically varies 
with the square root of the velocity, it is also largely dependent on the depth 
of flow (due to the increased weight),$»^® 

Silt volume of Colorado River®* is 100,000 acre-ft. per year, of which one- 
fifth comes from the Gila. Depositions in the delta region led to the alter- 
nate discharges into Salton Sea and the Gulf. 

m 

* See also E. AT., .July 27, 1916, p. 183. 

t See also p. 106. 

X See studies by Gilbert, Prof. Paper 86, U. 8- Geological Survey, 1914. 
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Table 21. Discharge and Sediment of Large RIvWs’* 


Rirer 

Drainage 
area, sq. mi. 

Mean 
annual 
discharge, 
see. ft. 

Sediment | 

Total 

annual, tons 

Ratio, by 
weight to 
discharge 

Depth over 
drainage 
ares, in. 

Potomac 

Mississippi 

Rio Grande* 

Uruguay 

Rhone 

Po 

Danube 

Nile 

Irrawaddy 

11,043 

1.214.000 
30,000 

150.000 
34,800 
27,100 

320,300 

1.100.000 

125.000 

20,100 

610,000 

1,700 

150.000 
65,850 
62,200 

315,200 

113.000 

475.000 

6.557.000 
406,250,000 

3.830.000 
14,783,000 

1 36,000,000 

1 67,000,000 
108,000,000 

1 54,000,000 

1 291,430,000 

1; 3,575 
1:1,500 
1:291 
1:10,000 
1:1,775 
1:900 
1:2,880 
1:2,050 
1:1,610 

0.00433 

0.00288 

0.00110 

0.00086 

0.01071 

0.01139 

0.00354 

0.00042 

0.02006 


♦ See report by FoUett to International Boundary Commission, E. N., Jan. 1, 1914, p. 18. 


Table 22. Quantities of Solids Carried in Suspension by Several American 
Rivers. In Parts per Million f 


River 

Place 

s 

Max. |Mm. 

Average 

Me- 

diant 

Author- 

ity 

Remarks 

Quan. 

Vrs. 

Menimac 

Lawrence . 

1100- 

1500(a) 

5 

7.5 

7 


Clark 

(a) A few days in 2 or 8 
high doods in 20 yrs.^ 
mostly fine river silt: 
not within 7 yrs. 1908^ 
1914 used in average. 

Potomac. . 

Great 

Falls. 

3000(c) 

C 

119 (b) 

8(a) 


Hardy 

(a) Jul. 1, 1906-Jun. 30, 
1914. (b) Min. average 
for a year, 41; max. 208. 

(c) Lowest max. for a 
yr., 1500. (From daily 
turbidity readings; coef. 
of fineness is about one.) 

Allegheny . 

Pittsburg . 

3900(a) 

1(a) 

67 

6 

40 

Drake 

Turbidities are given. 
Coef. of fineness about 
0.8. (a) Infrequent. 

Aver. susp. solids 1914 
- 36. 

Scioto 

Columbus. 

2000 

3 

09 

5(a) 

20(b) 

Hoover 

Turbidities are given: (a) 
1909-1913; (b) for 1914. 

Ohio 

Cincinnati. 

5()00(d) 

5(e) 

192 (c) 

i 

7(a) 

G0(b) 

t 

Ellms 

Turbidities are given: (a) 
1908-1914. (b) For 

1914; average for that 
yr. 120. (c)^om daily 
determinations, (d) Has 
occurred a number of 
times, (e) Frequent. 

Ohio. 

Louisville.. 

0000(b) 

15(c) 

235 

4(a) 

' i 

Leisen 

Turbidities are given, (a) 
1910-1913. (b) Once in 
1913; 6000 other years. 

(o) Monthly av^age 
1911; max. monthly 
average, 1913, was 975. 

Mississippi 

St. Louis. . 

6500 

3 

i 

1400 

7(a) 


Wall 

(a) May. 1908-Aug., 
1012. Average turbidi&, 
1906-1913 was 1340; 
suspended soHds, 1470. 

Mississippi 

New 

Orleans. 

2400 

55 

600 

6(a) 

— 

Earl , 

(s)19Q»>1014. TurtdiU. 
tiM an given. 


+ A uijug,! municip&l reports give sirnilur datSi. 

1 By median is meant magnitude of item midway in list of all items in grotip eonalderedi Whin 

these items are arranged in order of magnitude. 
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STREAM-FLOW CALCULATIONS 

i) 

Determinations of minimum and maximum flows and their durations are 
generally based on stream gagings, but may be calculated roughly from rain- 
fall data or from records of streams similarly conditioned. Long-term 
records are the more desirable, and calculations from rainfall or other data 
should be carefully scrutinized for probability, by comparison with other 
records, before use. 

Variations in rainfall and riin-off records are the rule; the task of the 
hydrologist is to fix reasonable limits for the design of structures. It is estab- 
lished that max. annual — aver, annual > aver, annual — min. annual. 7b Hall 
has outlined a method of stud 3 dng probable variations in annual run-off in 
T, A,S. C, E. Vol. 84, 1921, p. 191. 

Length of Record Necessary for Determining Stream-flow. By study of 
long records for various streams in United States, Hoyt*^i7 of Geological 
Survey, concludes: (1) Values for 1 year vary so much from the grand mean 
that estimates based thereon are liable to be in great error; (2) while 5-ycar 
period in majority of cases gives values within 10 per cent, of tlie grand mean, 
there are periods when the difference may be even 20 or 30 per cent.; prob- 
ability of a 5-year j>eriod comprising both a year of average low and a year 
of average high water is small; (3) a 10-year period with few exceptions gives 
values within less than 10 p(T cent, of the grand mean; furthermore, there 
occur in practically eacli 10-year group a year of average low and one of 
average high water; while this low and high may not be extreme, they give 
conditions to be expected except in abnormal years, which as a rule occur 
only once in inaii}^ years. These deductions do not hold for streams in arid 
and semi-arid regions, where range is very great from year to year. 

The average run-off of Croton River for 54 years, 1868 to 1922, was 399 
mgd.; from 1869 to 1886, 18 years, , flow averaged 346 mgd.; for the next 18 
years, 449 mgd; and for next 18 years, 402 ingd.f This shows the futility of 
attempting to use even reasonably long run-off records (5 to 15 years) as a 
basis for computing the safe yield of a watershed, unless these records are 
compared with longer ones of similar watersheds, allowance being made for 
the differing conditions. Although the average of a 40-year period may 
differ from that of a 60-year period, there is a strong probability that wlien the 
record has covered 80 or 100 years, a long enough period to complete more 
than one cycle of wet and dry* years, the average will not be far from that for 
40 years. (For rainfall data, see p. 12; for run-off data, see pp. 47 and 65.) 
Area of Croton Watershed was taken at 360.4 sq. mi. in calculations previous 
to 1916, and at 375 sq. mi., subsequently. 

Rainfall data have been used to extend meager run-off records. Meyer^s 
method is outlined in Table 25; Grunsky^s method in T. A. /S. C. E.^ Vol. 
85, 1922, p. 88; and Justin's method in T. A. S, C, /i\, Vol. 77, 1914, p. 346. A 
method of calculating in absence of rainfall records is outlined by Crawford 
in Elec. WorMy Dec. 4, 1920, p. 1111. Horton*® stresses the consideration 
of interception of rainfall by growing crops, which his experience shows may 
reduce the precipitation reaching the ground 15 to 35 per cent. 

* See Sargent, E. N., Dec. 3, 1914, p. 1119. 

t For equivaleiita of the several ruu-off units used above, see p. 816. 
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It is the very high percentage of run-off from the differenee in preeipita* 
tion which accounts to a considerable extent for the difference in the run-off 
per square mile of different drainage areas in Table 24. 

Minimum flours can be e^ablished only by careful analysis of long-term 
' records. Wellsi® has prepared Fig. 12 to show the fallacy of picking minimum 
flows from records as short as 10 years; also the possible discrepancy betwqm 
annual minimum and daily minimum flows is brought out. 

Minimum Run-off from Small Watersheds. Small watersheds have less 
run-off per sq. mi than large ones.^® Minimum flow of seven streams in New 
Jersey, each with a catchment area of over 2000 sq. mi., was 0.182 cfs. per 
sq. mi.; twelve streams with areas between 200 and 2000 sq. mi. yielded 0.161; 
and twelve streams having areas less than 200 sq. mi. showed 0.094 cfs. 

Croton Flow in Dry Years. Fom 1868 to 1920, inclusive, the flow of the 
Croton River averaged 399 mgd , or from an area of 375 sq. mi. averaged 
1,064,000 gal. per day per sq mi. The following average flows occurred in 
successive dry years: driest calendar year on record to 1920 inclusive, 209 
mgd ; 2 consecutive years, 266 mgd.; 3 years, 287 mgd.; 4 years, 291 mgd.; 
5 years, 299 mgd. ; 6 years, 317 mgd. 

Maximum flows may be approximated by curves on p. 61. High water 
marks are the chief basis of estimating. flood 6ows. Stevens®® warns that 
‘Hhere is no*sueh thing as a dependable high water mark.^^ Personal testi- 



mony of old residents is unreliable. Flood run-offs from small Watersheds 
are higher per sq. mi. than from large ones. 

Formulas*'' for run-off should be used for rough approximations only 
, Fanning: Q = 200 (Dn,) ^ 

Ryves: Q = C (D„) « (India). 

Dickens: Q C (Dn,) 

Hearn :t Q » 640 Dm (4 — log€ Dm) 


1901 Report on Barge Canal, New York State, Emil Kuiohlmg epilimihMtt 
fprjobJiaiiung maximum flood flow*. See also p 93 pro- 

^«*<S<iiiiliai&anaabelowlOaa mi. 
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in which == catchment area in sq mi. 
Q = discKarge in sec. ft. 

C — coefficient. 


In regions of maximum recorded rainfall of 3 to 6 in. in 24 hr., coefficient r'is: 


Flat country. .... 

Mixed country 

Hilly country 

Maximum rainfall 


Dickens Kyves 

. . . 2(K) 400 to 500 

... 250 
. . . 300 

300-350 650 



15 20 25 30 35 . 40 45 50 55 ^>0 <o5 70 Ih 

Prcdpitcition in Gimcxtic Year^ inches 

Fi(i. 13, — Probable rainfall-run-off curves for California.*® 

(Curvfis for Coast Range and Sierra Nevadas are by Griuwky in T. A. S. C. E., Vol. T)!, 1908, 

r> 12 .) 


Estimates of available run-off should be based on the minimum for a 
long series of years, as the water value of a given drainage area during dry 
years is obviously only the armual run-off of these years. The annual run- 
off or yield on a given stream occasionally varies nearly 100 per cent, for the 
same annual rainfall. In New York and New England, the average run-off 
is about 45 per cent, of the rainfall; 52 years^ observations on the Croton 
watershed show that the average run-off is about 47 pcir cent., but the years 
of lowest rainfall show as low as 31 per cent. The dry condition of the ground 
in times of drought keeps much water in the interstices. From 1868 to 1920, 
the Croton year of lowest rainfall showed a yield of 603, OCX) gal. per day per 
sq. mi,; next driest year, 760,000; average for 52 yearS) 1,064,000. The We 
average permissible draft between these limits should be chosen, as say 
850,000. The year of maximum yield, 1901, averaged 1,693,000. Calendar 
years are referred to in this paragraph. 



RUNOFF AND STREAM-FWW 67 


Table 23. Run-off of Croton Watershed, June to Dec. eaiffi Year, 1868-1930, 
Compared with Total for Same Years ; also wit| Rainfall 



Lowest month, Sept., 1881: —0.03 in.; evaporation exceeded rainfall. * Lowest 7 months. 


Table 24. Comparison of Run-off in Years of High and Low Precipitation** 

(Calendar Years) 


Ilrainage art'a 

PeAod 

Avorago 

precipita- 

tion, 

inches 

Average 

run-on, 

inches 

I*er cent. 
t)f 

run-off 

Wachusett (Mass.) (1897- 

Highest 4 yrs 

54.5 

29.3 

53.7 

1914). 

Ijowcst 4 yrs 

38. 7 

17.1 

44.2 


Difforoiico 

15.8 

12.2 

77.0 

Sudbury (Mass.) (1875-1914) , 

Highest 6 yrs 

55.2 

29 . 1 

52.7 


Lowest 6 vrs 

36.4 

i:i.5 

37.2 


Difference. . . ? . 

18.8 

15.6 

82.9 

Croton (N. Y.) (1868-1913).. . 

Highest 6 yrs 

59.4 

31.9 

53.7 


Lowest 6 yrs 

40.6 

18.5 

45.6 


Difference 

18.8 

13.4 

71.3 

Average Perkiomen, Neshani- 

Highest 4 yrs 

55.0 

29.2 

53.0 

iny, and Tohickon (Penna.). 

Ijowest 4 yrs 

42.3 

19.5 

46.0 


Difference 

12.7 

9.7 

76,2 

All sources. 

Highest 20 yr.s 

56.3 

300 

53.3 


Lowest 20 yrs. . . . 

30.3 

16.9 

43.1 


Difference 

17.0 

18.1 

77. O** 


^Obtained by dividina 13.1 by 17.0. aad ao lor other difierenoes 
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Number of ConsccuHw Moi 










, nm^oPF ANi> ^ ^ 

Tal^e 25, Observed and Computed Physical Data foir^^ 

Adolph F. Meyer* ^ ^ # I ^ ^ 



* 4 years’ records. Calendar years. f 6 years’ records. 

1. At Minneapolis: elevations along river, 800 to 1475 ft., slope 1.‘5 ft. per mi.; 
some lake and swamp areas, but no allowance for loss therefrom except slight 
increase of evaporation coeflftcient; H under cultivation, remainder forests and 
brush. 

2. At Little Fork, northern Minn. : elevation 1100 to 1400 ft., slope along river 
2 ft. per mi.; flat topography, only few hills more than 50 to 76 ft. above plain; 
extensive swamps; clayey soil; generally densely wooded. 

3. At Montevideo, western Minn.: slope of upper river 20 ft. per mi., lower 
river 0.6 ft. per mi.;, flat open prairie, almost all under cultivation; large marshes 
with clayey soil near headwaters; water surfaces estimated 5 per cent, of watershed; 
transpiration limited by available moisture. 

4. At Houston, southeastern Minn. : flat, to gently undulating, streams in deep 
V-shaped valleys; mostly cultivated, woods along streams; soil is clayey loam, 
causing high evaporation losses; slope of river, 6 ft. per mi. 

5. At Fergus Falls, western Minn. : dotted with lakes, water surfaces totaling 
15 per cent, of watershed; lightly timbered, witl^much land cultivated; well-sus- 
tained stream flow; prominently rolling, morainic and knolly; heavily covered with 
drift. 

6. At St, Croix Falls, Wis. : undulating, thickly covered with glacial drift; no 

marshes, numerous lakes, good ground storage; elevations along river 760 to lOOQ 
ft. ; slope of river 2.5 ft. per mi. # 

7* At Wheeling, W. Va.: northeastern portion rolling and hilly, r^nmind^ ^ 
moimtainous; shallow soil; slope along Allegheny River 6.5 ft. per mi. ; heaVy spd# 
and thick ice common in Allegheny Basin, but winters are less severe in 
■■'lulonongahela Valley. .. • . ^ 

8. At Point Pleasant, southeastern Pa.: slopes steep; j of urea!. 

I wooded and untUlable; slope of creek 20 

bartersville, Va.: upper portion of watershed mountima||i^^ 
to 4000 R. ; remainder is rolling plateau. (See ^ 
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10. At Roanoke,^ Va.: rugged with steep slopes along river; elevations up to 
3000 ft.; soil scant; lilftle land cultivated. (See also p. 55.) 

11. At Columbus, Miss.: flat country; streams have gentle uniform slope; 
i cultivated, remainder heavily forested; deep soil, heavy loam; humidity not 
much higher than in northwest; average annual snowfall 4 in. 

12. At Austin, Tex.: comparatively fiat, but slopes pronounced; timber along 
streams and at higher elevations; soil deep and not sandy; humidity and wind 
differ but slightly from those in northwest. 

13 to 15. At Red Bluff, Cal.: about i covered with timber, remainder mostly 
grass land; scant soil cover over lava; most of precipitation, especially at head- 
waters, is snow; elevations mostly 3{KK) to 5000 ft. ; main portion of discharge comes 
from Pit River basin, which is relatively flat and largely pasture land. 
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CHAPTER 4 


GROUND WATER* 

Utilization. Ground-water supplies are the chief resources of most small 
municipalities and some large cities; among them Brooklyn, Lowell, and Mem- 
pliis. Development works may consist of wells (Chap. 10), springs (Chap. 
11), infiltration galleries (Chap. 12), or a combination. Ground waters have 
important influence on the low-water flow of streams. 

Occurrence. Ground water may issue from an aquifer (water-bearing 
formation) as a spring, or may be secured by development works. Any 
depression cutting the water table tends to fill with water. If open at the 
end, a spring-fed stream is formed (Fig. 15) ; if closed, a lake; and if closed and 
of small dimensions, a spring. Flow of water toward the depression follows 
hydraulic laws (see p. 77). As the hydraulic slope diminishes, flow lessens. 
Pondage of water flattens the slope and 
causes diniinution of flow. Excessive 
pumping steepens the gradient, but 
reduces the depth of the water-bearing 
channel, and may result in lessened 
flow (see p. 243). At the Hempstead 
reservoir. Long Island, N. Y., it was found that the yield was 5.6 mgd. when 
the water was impounded to 14.35 ft. depth, and 8 mgd. when at only 4 ft. 
depth.ia The underflow of streams is usually very small and its velocity very 
low. Most streams deposit enough sih to make their banks and bottoms 
practically impervious. 

Ground-water Supplies vs. Surface Waters. Ground waters have the 
merits of natural filtration and of coolness in summer. Extensive use of 
bottled water in office buildings indicates preference for spring waters to 
treated surface supplies. f Waters in sub-surface storage are less susceptible 
to evaporation. For small supplies, ground waters can be more cheaply 
impounded than surface waters. Ground-water storage in the strata adjacent 
toa surface reservoir is often an important assef (see p. 86). Sources of ground- 
water pollution, on the other hand, are often difficult to detect. Ground- 
water supplies’ are dependent on the maintenance of the water-table; its 
recession has caused abandonment of many supplies. The durability of ground- 
water supplies is often open to question. C. H. Lee has indicated a method of 
investigation in T. A. S, C. E., Vol. 78, 1915, p. 148. Deep- well waters often- 
prove excessively hard; many are abandoned for this reason. Pumping from 
a well is more expensive than from the surface. To investigate ground waters 
and estimate the yield is more costly than for surface waters; the area is often 
ill-defined. Ground waters are no less inexhaustible than surface waters. 

♦ For terminology of ground-water hydrology, see Meinzer, Water Supphf 

t See “Underground Waters for Commercial Purposes,” by F. H. Rector, 10X8 (John Witev A 
Bons, Inc.). ' , ; ■ ^ * 
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Replenishment of jground-water catchment areas may be by: (1) ramfall on 
the exposed area which penetrates to the water-bearing strata; (2) flood 
waters of rivers which periodically cover outcrops of the ground-water strata ; 
(3) surface flow of water which has been stored in reservoirs for feeding the 
water-bearing strata by percolation; (4) percolation of irrigation .water from 
a distant source.* 

Investigating Ground-water Supplies. It is popularly supposed that 
ground waters are inexhaustible and have mysterious origins and paths of 
travel. The locating of possible supplies depends upon knowledge of local 
conditions, geology, and previous experience. Many studies by the U. S. 
Geological Survey are available. The futility of the divining rod is discussed 
in Water Supply and Irrigation Paper 416, 1917. Fluorescein,® and recently 
uranine have been used to trace the path of underground waters. See also 
p. 74. Observing well drillers will take into account surface drainage of the 
region, presence or absence of forest which may influence run-off, existence of 
springs as evidence of surplus water, and depth and character of soil overlying 
the rock, especially structure of the soil cover. If water-laid, and therefore 
stratified and regular, accurate and quick deduction can be made as to depth 
and availability of ground water. If material be wind-laid, and therefore 
less regular, deductions are uncertain ; likewise in regions formerlj^ covered by 
ice (glacier), where it may be still more irregular. All ground water has more 
or less intimate relation to surface drainage and topography.^ 

Absorption of Ramfall by Ground. Ground receives the greater part of 
the rainfall, probably nearly 80 per cent., in Eastern United States, and 90 or 
95 per cent, in much of the West. Water that enters sands and gravels gener- 
ally moves toward streams, but, in regions where the rainfall is small, gravels 
may absorb water from streams which rise in regions of greater rainfall. 
In the Eastern United States, about 5 to 6 in. of the rainfall goes through 
this seepage process; in England, 10 in. is estimated (see also p. 260). This 
diffused seepage maintains stream-flow long after the direct flow of the rain- 
water over the surface has ceased.® 

Most favorable ground-water areas are the deep water-bearing strata 
beneath broad plains that were created during the glacial epoch by out-washes 
of coarse sands and gravels from the terminal moraines gf glaciers. 

Depth of Water-table. The upper limit of water-bearing strata is known 
as the water-table. Its depth varies with: (a) porosity of the catchment area; 
(b) amount of rainfall; (c) topo^aphy; (d) pumping rate when developed. Jn 
general, the contour of the land bears a more or less definite relation to the 
contour of the water-table. The underground flow is normal to these contours. 
In regions of low rainfall and low relief, the water-table is deep-seated and 
relatively horizontal. In regions of greater rainfall and greater relief, It is 
•relatively near the surface and tends to follow thfe topography,* but slopes to 
a less degree; it is nearer the Surface in lowlands. * ' 

Relation to Vegetation, Investigations have shown that when the ground;^ 
water surface is 7 to 10 ft. or more below the surface of coarse soils, no moisture 
reaches the surf ace or the roots of vegetation through capillary action, 
found the water-table underneath crops lower than under bai« 
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ingi^ and Ototzjcy^ found a marked depression underneath lorests as compared 
with the water-table in near-by cleared areas of similamgeologic formation.* 

Annual Fluctuations of Ground-water Level, sa high in summer, low in 
winter, are caused by the quantity of ramfall reaching the plane of saturation. 
Frozen ground minimizes the absorption of surface waters, although Kingfs 
experiments in Wisconsin showed conclusively that some water percolates into 
frozen ground, possibly through shrinkage cracks. Causes*®* of fluctuation of 
ground water-table on Long Island are (1) natural — rainfall, sympathetic 
tides, thermometric changes, barometric changes ;t (2) artificial — dams, 
pumping 

Statistics by Magee** for 28,906 wells lead him to conclude that the devel- 
opment of the United States has resulted, outside the irrigation region, in 
lowering the water-table no less than 9 ft. Horton doubts the soundness of 



•this deduction .*2* Tests on Long Island indicate that the deeper below the 
surface and the higher above sea level the water table is, the less rapidly it 
responds to rainfall influence. Retardation is out of proportion to the thick- 
ness of the unsaturated beds above the water-table. 

Underground Water in Rocks. { Experience does not prove the assump- 
tion that all rocks are saturated below a moderate depth. In the Pennsylvania 
and New York oil regions, rocks practically destitute of water are encountered 
at a few hundred feet. These include coarse-grained sandstones capable of 
holding large quantities, but which are dry. Very rarely is fresh water found 
below the dry rocks. Wells have been drilled several thousand fe^t daep 
without encountering water below the first few hundred feet, these facts 
show the fallacy of the idea that there is plenty of water if one only goes 
enough. That great underground lakes exist is extremely improbable* 

* BuU 852, 1020, U S Dept of Agn also diacustea this relation ^ ^ 

t Anthony oitea the direct relation between the well levels of deeMeatad tnltinrat — 
Saratoga, and barometno levels.* 
t See alsa p. 76. 
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ening of wells rareiy adds to the hydraulic head, but commonly increases the 
salt content to a degree causing abandonment.* 

Yield is a function of the rate of replenishment, and, to a less degree, of 
the extent of underground storage. The normal yield of the ground-water 
catchment area of the Ridgewood (Brooklyn, N. Y.) system, is about 900,001) 
gal. per day per sq. mi., or 43 per cent, of the average rainfall. Euroi)ean 
watersheds of similar character, on which the rainfall is much less than cn 
Long Island, have averaged 40 to 50 per cent, of the rainfall for years, f Most 


Table 26. Relation between Rainfall and Ground -water Yield 


Place 

Annual rain- 
fall, in. 

(1) 

Average 
yield, in, 

(2) 

Ratio 

(1):(2) 

Long Island, N. Y'* 

45 

14-24 

0.30-0.50 

0.26 

0.12-0.19 

0.57 

Holland, Mich'* 

34 

8.7 

Philadolphials 

43 

5^-8 

The Hague, Holland*! 

27 

15.3 

Kohlfrist tests* 

0 . 285 

Brussels, Belgium*! 

28 

6-10 

0.22-0.35 

0.65* 

Munich, Bavaria*! 

47 

30 



* Approximate. 


wells in the immediate vicinity of large water bodies obtain much of their 
supply by infiltration therefrom. Flooding, termed ^‘flood spreading, 
of gravelly land adjacent to wells has been practiced in the West,i4 and also at 
Greenfield, Mass., Breslau, Germany, Brooklyn, N. Y., Brookline, Mass., 
Charnitz, Germany, Stockholm, Sweden, Frankfort, Germany,^® and else- 
where to increase the yield.^ During a single flood at Breslau, rise of the 
water-table indicated tliat 1325 mg. bad seeped into the ground.'^ 

Yield tests are to be preferred to the theoretical application of formulas to 
uncertain conditions. Tests commonly consist of sinking one well and noting 
the rate of depression of the water-table under pumping conditions for a week. 
At South Bend, Ind.,^® a central, 12-in. well, surrounded by 2|-in. wells on a 
6-ft. radius, 155 ft. deep, was dosed with 200 lb. of salt and basic fuchsin. Thcf 
2j-in. wells were fitted with electro-couples connected to the lighting circuit 
through an ammeter. Readings and samplings hourly gave a double record of 
the rate and direction of flow. § .Chemicals were used in tests at Des Moines. |1 ^ 
Velocity Measured.^** Slichter^ observed an average velocity of 7.4 ft. 
per 24 hr., and a maximum velocity of 22.9, of underflow in Arkansas River 
sand.**« G. E. P. Smith found a velocity of 400 ft. per day in the underflow 
of an Arizona stream.'** Character of deposit has large influence. On 
Long Island, Slichter found variable rates of 2 to 96 ft. per day.'®l> 

* See also p. 246. 

t See also p, 260. 

t See ^‘Unaer^ound Water Storage in the Santa Ana Cone/’ E. AT. J?., Oct. 27, 1921, p. 683; 
and T. A. S, C. E., Vol. 82, 1918, p. 802; also, “The Future Water Supply of San FranotBOOi a 
IJeport to the Secretary of the Interior and the Advisory Board of Engineers oflJ. S. Army, by Spxing 
Valley Water Co., Oct. 31, 1912. 

§ See also, “Yield of Underground Sources Determined,” by W. S. Coulter, Ftre and Water JTnp., 
September, 1923. 

]1 See ..also p. 78. . v • ■ 

1 For Blighter’s electrical method, see Water Supply and Irriyaiion Paper t 
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Artesian Conditions.* In order that a well may flow, the following condi- 
tions must be satisfied: (1) sufficient rainfall; (2) relatively porous beds 
suitably exposed to collect and transmit the water; (3) less porous or relatively 
impervious layers so placed that they may confine the water collected; (4) 
the level of the ground water at the source should be at a sufficient height 
above the mouth of the well to compensate for loss of head due to resistance 
and leakage. 

An artesian well in Chicago, drilled in 1864, had its original head 80 ft. 
above ground; water level is now 220 ft. below ground, a recession of 300 ft.'® 
There is great loss of artesian water from open wells, and from casings pf old 
oil wells,20 where it is allowed to run to waste. Depletion of artesian basins 
has occurred in Australia and southern California, and wells at higher 
elevations have gone dry .'2b 



Fio. 17. — Ordinary conditions producing artesian wells. A, wells; B, head of 
water if there is no loss by resistance and leakage; C, actual head or hydraulic 
gradient; D, ground-water table at outcjrop. 


WATER-BEARING FORMATIONS4 


Beds of sand and gravel2' arc ver}'^ porous, as much as 30 per cent, of the 
volume of some being free space, so that saturated layers penetrated by wells 
yield copious supplies. This water is, jn most places, .of good quality, but in 
some wells is greatly mineralized from \he more soluble rock fragments that 
constitute the deposits. In passing downward through finer sands, surface 
water may be filtered naturally. In coarse sands and in gravels, water passes 
downward more rapidly and conditions are less favorable for filtration. In 
general, water from sands and gravels far below the surface is pure. Because 
sands and gravels yield readily, wells close together may affect one another, 
those which derive supply from 4)he lowest points drawing from the shallower 
wells. To procure permanent supplies, a well should penetrate below the 
level to which the water surface sinks in driest seasons. Wells in sand and 
gravel should have large enough diam. to avoid clogging around casing, 
which seems inevitable in wells of small diam. 

Pure clay is nearly impervious to water and contains little or none that 
can be utilized; water is frequently reported in clay, but as a rule it comes from 
more or less sandy layers within a clay bed. In some places, sand that 
approaches clay in fineness and is mistaken for clay yields much water. Clay 
is of great importance as a confining layer to porous sands. When neees^ty 
to obtain water from clay, the well should be as large as practicable and 
enough to provide ample storage, for clay yields a small quantity, iihd 


‘ * For oxhauative disounsion, see “The Determination of Safe Yield of Ifhder^chiBd 
of the Clo»ed-B»»in Type." by C. H. Lbb. T. A. S. C. E., \ol 78, 1915. 
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slowly. Dug wells ^re usually most satisfactory where clay is near the surface^ 
but should be carefuRy covered and protected from pollution. 

Till is a heterogeneous mixture of clay, sand, gravel, and bowlders. In 
texture it ranges from very pervious^ to impervious, according to content of 
sand or of clay. In few places is it definitely bedded. Water generally pccurs 
in it in minute, more or less tubular, channels, but occasionally is distributed 
through interstratified sandy beds. In finer, more loamy phases, the supply 
is not abundant, but coarser portions furnish water more plentifully. In 
the aggregate, till yields a large quantity, and, where sufficiently thick, forms 
a most convenient and accessible source, but because so irregularly disposed 
the success of wells varies greatly. Water is usually close to the surface, but 
better can be obtained by casing off upper water-bearing beds and extending 
the wells to greater depth. In general, wells of large diam. are most satis- 
factor 3 ^ Till is widely distributed over Northeastern and North -central 
United States in areas covered by glacial drift. The southern border of glacial 
deposits extends from Martha’s Vineyard, Mass., through Long Island and 
northern New Jersey, across northern Pennsjdvania into southwestern New 
York; thence southwestward across Pennsylvania and Ohio, southern Indiana, 
Illinois, and central Missouri, and northwestward into Canada. 

Sandstone is, of solid rocks, the best water bearer. Water from sandstone 
is of better average quality than that from any other material except sand and 
gravel. In the Appalachian Plateau* — the bluegrass district of Kentucky, 
Nashville basin, and Cumberland ar>d other plateaus of Tennessee, West 
Virginia, western Pennsylvania, and New York — sandstone is the chief water- 
bearing sedimentary rock. Porous sandstones also underlie the great plains of 
the Dakotas, Kansas, and Nebraska, and yield artesian flows throughout 
extensive areas. Over much of the region farther south they also furnish 
abundant underground water. ‘ In some places conglomerale yields consider- 
able water, although absorptive capacity is not so great as of sandstone; it is 
not so widely distributed. Quartzite is a metamorphosed sandstone, the spaces 
between grains being filled with hard, siliceoas matter. Because of this filling 
of the pores, there is little chance for water, hence it is not commonly an irppor- 
tant source. Old sandstones, shales, and other sedimentary rocks, altered to 
quartzites or slates, lie near the surface in the Appalachian Mountains, Ozark 
and Superior highlands, and Rocky Mountains, and on the borders of these 
higher lands yield some water, but generally both occurrence and quantity are 
uncertain. ^ 

Shale is a poor wjater bearer, but may yield from bedding, joint, and cleav- 
age planes, and other crevices ; most important as a confining layer to prevent 
escape of water from interbedded porous sandstone. 

In limestone water occurs mainly in channels and caverns formed by solvent 
action along joint or bedding planes. These are very irregularly distributed 
and location can seldom be determined by examining the surface, but most 
deep weBs encounter one or more such passages at relatively slight depth. 
Adjacent wells, only a f^w feet apart, may obtain very different results. 
Water is hard, and likely to 1^ polluted, since much of the water in Umestqne 

n r ‘ -Abitenee of Water in Certain Sandstones of the Appalaehian Oil Fieldfr * sw ' 
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has ioimd its way do^ holes, and surfaee 

Water-bearing limestones occur in Southern and Southlastern United Statel 
and in the Appalachian Mountains, but* owing to poor quality, recourse is 
usually had to springs or tO wells sunk in other rocks. 

Granite and gneiss are dense and have very small pore spaces. 
may contain water that has penetrated along foliation planes. Most welts ih 
crystalline rocks obtain water, if at all, within 200 or 300 ft. of the surface, 
and it is generally useless to go deeper than 500 ft., although in some places* 
as at Atlanta, Ga., water supplies have been obtained at depths as great as 
1600 ft. Joints in crystalline rocks usually form complex systems pf inter- 
secting planes, and polluted water may pass from the surface along joints 
until finally it reaches the well at a depth of many hundred feet. 

Basin and Stream Deposits.*" Along northern portion of Atlantic coastal 
plain are extensive lake and stream deposits of clay, sand, and gravel, in which 
water is usually plentiful and good. In lower Mississippi Valley fine silts of 
the flood plain are saturated a short distance below the surface and furnish 
abundant supplies to small wells; the chief drawback is the unusually small 
mesh of screens necessary to exclude fine sand. In most places a lens of coarser 
sand or gravel can be located, and drawn on. In many parts of the arid 
region of Western United States great basins or valleys are deeply filled with 
sediments bf ought down by streams. In some places these contain water at 
shallow depths, and form the chief source of supply throughout much of the 
Great Basin region of Utah, Nevada, southeastern Oregon, and southeastern 
California. In the more favorably situated of these desert valleys, notably 
Coachella Valley, in southeastern California, the deeper water of the uncon- 
solidated deposits may be under sufficient artesian head to yield flowing wells. 
In the great central valley of California and on the coastal slopes of the Pacific 
States are deep alluvial deposits of importance as sources of water. Those of 
the coastal plain of southern Calif orhia have been extensively tapped td 
obtain water for irrigation, and water is drawn from similar deposits around 
Puget Sound. 

PLOW OF UNDERGROUND WATERS 

Laboratory Experiments Inadequate. Laboratory experiments on flow 
through unassorted sands do not consider the modifying influences of frost, 
vegetation, or the intermittent and variable intensity of application of water. 
Permeability of Soil has been found to be oae-fourth as much as fine sand; 
when the organic matter was burned out, it was about one-half as permeable. 
A disturbance of the medium has a marked effect on the rate of flow. Ey^ 
a very slight scratching of the surface seriously affects the discharge^ With 
pure blow sand, percolation decreased from 15 to 5 cu, ft. per sec. due to a 
slight disturbance of the surface. The manner of stratification aleo a 
modifying influence. 

Foiinula6.t The principal formulas now in use are: 


Haaen’e:** F„ 

ou 


* Pro^acial sorges have been develoc 
t Haien*^ and othere have repeated 
phgiand spits. Johnson*^ eonsiders such 


»ed, . as at- Virden. Ill ** ■ . - . 



78 


WATERWORKS HANDBOOK 


Slichter\s;> 


Q - 0.2012iS ~ 
uK 

Darcy Q — CjS A- 

Forchheimer^s : S — aV„^ + hV I, • 

^ ^ LuegeFs:26 Vv == 283 dS. 

a = a constant, the conditions governing it not being explained. 

= a constant, the conditions governing it not being explained. 

Cp = constant, depending on porosity of the medium. 
d = effective diameter of sand grain, millimeters; varies from 0.1 for very 
fine sand to 3.0, fine gravel. See also p. 703. 

A = area of total cross-section yielding water, in sq. ft. 

Av = area of the void section, sq. ft. 

8 = slope head or difference of elevations of the water at the two points 
considered -f- distance traveled, measured along path of travel == 

K = constant, dependent on porosity of the medium. 

Q = cii. ft. per min. of water yielded by the entire cross-section. 
tf = temperature of the water, in °F. 

Tc = temperature of tlie water in °C. 

w = a constant known as the coefficient of viscosity, which takes account 
of the friction between particles of liquid. 

Vm = velocity in meters per 24 hr., at which water issues from the entire 
cross-section. 

Vd == Vm expressed in ft. 

Vv = velocity, in ft. per 24 hr., at which water navels through the voids, 
Slichter’s formula may be written: 

Vd = 289.728*S?d^ 4 - uK; 


and Hazen’s: 


292 tr 4 - 10 

89 hO- 


Table 27. Porosities of Some Media Encountered by Ground Waters^ ® 


1 ^ 

Qimrtfl rtf wfitrtr 

1 Porosity, per cent 


Rook or earth 

per ou. ft. 

Minimum 

Maximum 

Average 

Granite, schist and gneiss 

Gabbro 

Diabase 

0.003-0.06 
0':06t 
0.07t 
0.04t 
0.5-1. 5 
0.01-0.06t 
0.30t 

0.02-0.4 

0.9 

• 0.6-1. 9 1 

1.1 

0.2-1 .2 
0.8 

1.0 

0 5 

Sandstone 

.3. 5-4. 8 

22.8-28.3 

10.2-16.9 

0 2-0 8 

Slate and shale 

Limestone, marble, dolo- 

0.5 

7.6 

4.0 

mite 

0.06-2.5 

0.5 

13.4 

4.8 

Chalk. *. 

2.0 



53.0 

Oolite 

0.64t 

8.3 

12.4 

. 7,2 

Gypsum 

0.19t 

1.3 

4.0 

2.6 

Sand (uniform) 

2.5 

26.0 

47.0 

35.0 ' 

Sand (mixture) 

2.86t 

36.0 

40.0 

38.0 

1 Clay 

3.35t 

44.0 

47.0 

46.0 

[ Soils 

4.12t 

45.0 

65.0 

65 vp 


T Ccmpiited from average porosity. 
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Application of Lueger’s Fonnula. Vv = 283 dS. An imderground water 
current 3000 ft. wide and 3 ft. deep, has a slope of O.Oftl, passing through a 
medium of 25 per cent, porosity, with d = 2.0. 

Q - AvVv = 0.25 X 3000 X 3Fv = 0.25 X 3000 X 3 X 283 X 2 X 0.001 

~ 1275 cu. ft. per day.«« 

Application of Hazen’s Formula.* In considering flow of ground waters, 
refinements like influence of temperature may be eliminated. Thus Hazen^s 
formula becomes: 


Vd= 'S200 d^S, 

Velocity of ground water, through fine sand having effective size of 0.1 mm. 
and general slope of ground-water surface of 5 ft. per mi. (hydraulic gradient 
= 0.001), would be 0.082 ft. per day. Velocity through gravel having effective 
size of 3 mm. and general slope of water surface of 53 ft. per mi. (hydraulic 
gradient = 0.01) would be 738 ft. per day, or approximately 0.0085 ft. per 
sec. Report of Mass. State Board of Health, 1892, contains results of Hazen^s 
experiments to determine velocities of water through screened gravel, assum- 
ing 40 per cent, porosity. 

The formula Vd = 8200 ^ 2^8 gives much larger results than Table 28 . To 
modify the formula to produce the results given in the table would involve a 
variation of coefficient between 6222 (for d = 3 mm. and s = 0 . 0005 ) and 940 
(ford = 35mm. and 6* = 0 . 01 ). 

Table 28. Velocity of Water in Feet per Day, in Screened Gravel, Assuming 

40 Per Cent. Porosity* 


Slope S 

Effective size, millimeters 

3 

5 

8 

10 

15 

20 

25 

30 

35 

40 

0.0005 

0.001 

0.002 

0.004 

0.006 

0.008 

O.OX 

28 

67 

115 

221 

336 

443 

549 

82 

172 

328 

631 

918 

1,160 

1.410 

164 

335 

639 

1,230 

1,690 

2,060 

2,460 

246 

475 

902 

1,700 

2,250 

2,780 

3.150 

410 

82 a 

1 , 56 a 

2,870 

3,690 

4,340 

5,000 

656 

1,210 

2,260 

3,930 

6,080 

5,900 

6,800 

902 

1,680 

3,030 

6,000 

6,390 

7,380 

8,440 

1,230 

2,250 

3.930 
6,060 
7,620 

8.930 
10,000 

1,640 

3,030 

4,830 

7,130 

8,930 

10,400 

1 11,500 

2,050 

3,690 

5,820 

8,200 

10,100 

11,800 


Hazen’s Cp allows for porosity; the forrnulazs applies to sapds with 
effective diarn. from 0.1 to 3 mm.; for gravels of larger size, friction varies 
in ways not expressible by a general formula.!*® As the size increases beyond 
this point, the velocity with given head does not increase as rapidly as the 
square of effective size; and with coarse gravels, the velocity varies as 
the square root of the head instead of directly witli the head, as in sands. The 
influence of temperature also becomes less marked with coarse gravels. When- 
ever properly applied, the Hazen formula has proved reliable; Cp rarely falls 
below 400, even for dirty sands, and rarely rises above 1200, lying between 700 
and 1000 in most cases. This formula is not to be applied to clay, hardpaii, 
soil, etc.* Voids may be measured by ascertaining the volume of water con« 
tained in a sample. This method is subject to errors due to air entrained . in 
the water, and the absorbent action of the stone. Better, weigh a known 
volume and from the known weight of an equal volume of solid stone, compute 
;.wids... .. 

See footnote p. 77. 
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Ullifonniljr Coeffloient. The Massachusetts tests indicated that the finer 
10 per cent, of the sand grains control the transmitting power. The uni- 
formity coefficient is found by dividing the size of grain separating the coa^rser 
40 per cent, froih the finer 60 per cent, of the particles, by the size of grain 
separating the finer 10 per cent, from the coarser 90 per cent. A rough esti- 
mate of the open space can be made from the uniformity coefficient. Sharp- 
grained particles having a uniformity coefficient below 2 have nearly 45 per 
cent, voids as ordinarily packed, and sands having a coefficient below 3, as 
they occur in banks, or artificially settled in water, will usually have 40 per 
cent, open space. With more mixed materials, the closeness of packing in- 
creases until, with a uniformity coefficient of 6 to 8, only 30 per cent, open 
space is left. With round-grained water-woni sands, the open space has been 
observed to be from 2 to 5 per cent, less ‘than for corresponding sharp-grained 
sands.2S In tests on materials for Cold Spring dam^o it was found that a small 
effective size and a large uniformity coefficient were a fairly reliable indication 
of small flow. The proportion of voids was found to be of little use in ascer- 
taining the permeability of a medium. Probably one of the most influential 
factors in determining porosity of soils and volcanic ashes is the contained 
vegetable matter. Although the porosity of clay varies from 40 to 70 per cent., 
the fineness of the grains causes slow percolation.* * 

Bibliography, Chapter 4, Ground Water 
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Gourley: J, A. W. W. A., Vol, 9, 1922, p. 131. 0. Report^ Wisconsin Experiment Station, 1890, p. 
150. 7. Zeii. OettHuaerkunde, 1898, Parts IV and V. 8 . E. N. /?., July, 12, 1017, p. 56, 8 . Burr- 
Hering-Freeman: Report on Water Supply of New, •York, 1908. a, p. 826; b, p. 612. 10. U. S. Geolo- 
gical Survey, Prof. Paper 44, 1004. a, p. 60; b, p. 104. 11. Bureau of Soils, U. S. Depti Agri., 
Bull. 02, 1013. la. J. A. W. W. A., Vol. 8, 1921. a, p. 180; b, p. 175. 18. Alexander Potter: 
Report on Santiago Water Supply, 1915. 14. G. E. P. Smith: Int. Eng. Gongreee^ Paper 37, 1915, 
p. 420. 10. E. N. R.f July 31, 1924, p. 174. 10. J. W. Toyne; Indiana Sanitary dk Water Supply. 
Assn., 1923, p. 76. 17. Maxwell; J. A. W. W. A., Vol. 4, 1017, p. 196. 18. T. A. S. C. F., Vol. 
73, 1011. a, p. 196; b, p. 178; c, p. 200. 10. J. A. W. W. A., Vol. 3, 1915, p. 322. 10. Railway 
Review, Nov. 0, 1918, p. 669. 81, Public Works, Vol. 63, 1922, p. 64. 88. J. A. W. W. A., Vol. 
10, 1023, p. 780. 88. T. A. 8. C, E., Vol. 87, 1924, p. 62. 84. Boston Soc. C. E., May, 1916,| 

80. Maas. State Board of Health, Report, 1892, p. 639. 80. KOnig: ‘'Wasserleitungen,'* 1907, 
p. 166. 80. M. L. Fuller; Water Supply Paper, 160, 1906, p. 61. 80. E. N., Mar. 7, 1007. p, 260. . 

81. Board of Water Supply, N. Y„ Report on Long I ^nd Sources, Vol. 1, 1012, p. 126, 

*See also p. 703. 



PART II 

COLLECTION OF WATER 


CHArXER 5 

INTAKES* 

Requirements, t Intake protects stream or lake end of conduit from injury 
by ice, debris, and navigation, and admits water to pumps, pipe line, or 
aqueduct in best state practicable. To this end it is situated at some distance 
upstream or to leeward of points of possible pollution, at such depth as to pre- 
clude entraining of air, and contains devices for coarse screening, and 
sometimes equipment for excluding silt.} Selection of proper location is impor- 
tant. In small systems, intake pipe may simply end in a screened bell-mouth, 






Pig. 18. — ^River intake. Shore type. 

(For smallpr intakes, dimensions have ooen made correspondingly smaller; a IC-in. intake of 
this type has been built.) 


supplied by pipe manufacturers; a foundation is sometimes used to keep end 
from sinking into silty bottom. On medium-sized systems either an exposed 
or submerged crib resting on bottom supports and protects the pipe end and 


♦ For **Infiltration Galleries*’ see Chap 11 
t See IFoter and Wafer £n 0 . 1923, 368 and 411 


T See Water and Water Mina. 1923, pp 368 and 411 ^ 

1 For examples on small works, s^ E R. Nov 12, 1898, p 515; and Feb. 15, 1896, p. 187. A 
dee^n need at water stations on the Baltimore k Ohio Railroad is ithown in JP. N. R. 7 1820 



82 WATERWORKS HANDBOOK 

screens the supply! On large intakes,* such as used for reservoir outlets, or in 
large rivers, or on th^ Great Lakes, masonry towers are provided with screened 
and gated, ports at various levels, to take advantage of the varying qualities at 
different depths. Means must be provided for keeping the screens clean, 
particularly from leaves in autumn and ice in winter. (See page 83.) 

Port areas should be ample to reduce velocities at entrance, so that particles 
which might deposit in the pipes will settle out. Leonard MetcalH advises 
limiting velocity to 0.5 ft. per sec. to avoid trouble with fish clogging screens. 
On large intakes, port areas and screen openings should be at least three times 
the area of the intake pipe; only the area below water level should be considered 
in calculations. The Associated Factory Mutual Fire Insurance Company 
recommends a screen area equal to 1 sq. in. per gal. per min. Capacity of pipe. 
This will approximate an area ten times the suction pipe.of small steam ])umps; 
in less turbid water, ratio may be reduced tq 5. 

A river intake, of excellent t\q>e, is shown in Fig. 18. A sheeted and 
covered trench in the river bank parallel to the flow had cross-sections sufficiently 
large to give low, depositing velocities, thus permitting grit to settle before 
reaching the suction pipes. By opening the flushing conduit at suitable 
times, strong flows were created which removed the sediment. 

Reservoir intakes f are often incorporated in the, dam and have equipment 
of the same type as for large intake on rivers and lakes. Blow-offs are pro- 
vided. Gates are subjected to high heads and should be geared or power- 
operated. Ports at different elevations are needed to take off the best water 
during the semiannual overturns. Stop-plank grooves and stop disks are 
provided to facilitate gate repairs. The gate valves on the effluent should be 
in pairs so that the downstream one, ased for throttling to kill the unrequired 
head, may be readily removed. The cost of high towers may be eliminated by 
a screen chamber downstream from the dam. The screens are under pressure ; 
for installation at Wilkes Barre, see'V. A. W. W. A, Vol. 5, 1018, p. 182. 
Pressure strainersj are common in power house practice; they are so con- 
structed that one compartment may be revolved out of service for cleaning, 
without stopping flow. In designing intakes, it should be noted that divers 
require manholes 3 ft. in diameter. 

Intake pipes are generally cast iron with flexible joints (see Table 118 
page 418), laid at a depth to escape damage. They should be of ample size 
to reduce friction, but not so large as to cause deposit of sediment. To save 
pumping charges on long lines,intake lines deliver by gravity to a pump w’ell. 
Where streams arc liable to great fluctuations in level, § pumps must be placed 
in a subterranean pit.|| For surges in intakes see Can, Eng.y May 15 , 1923, 
p. 502. Intake capacities should be increased with the consumption. To 
save cost of new construction at Geneva, Switzerland, a booster pump was 
employed off shore.2 Rochester intake is steel pipe. Chicago^ and Cleve- 
lands have large intake tunnels. 

* For an extended discussion of large intakes, sec Wbom Ann’s “Conveyance and Distribution of 
Water for Water Supply,” D. Van Nostrand Company, 1918, p. 218. 

t See “High-pressure Reservoir Outlets,” by Gaylord, U. 8. Reclamation Service, 1923. ■ 

t Manufactured by Blackburn-Sniith Corporation, N. Y.; and Elliott Twin Strainer, Co., 
.leannette,,Pa. 

H A floating tube is employed at Steubenville, 0.® 

11 See example in E. Aug. 19, 1916, p. 230; and E. N, J?., May 9, 1918, p. 906. 



INTAKES 


83 


Intakes on the Great Lakes.^ Experience has demcftistrated that, not 
considering pollution, intake pipes of considerable length %re required in lakes 
to maintain draft, owing to the action of ice and the movements of sand, 
particularly in shallow waters. Off-shore storms in shallow water erode the 
sand bottom rapidly, tending to clog intakes or embarrass pumping operations 
through wear on the pumps. Ice, driven by up-shore winds, piles in huge 
windrows, often 10 to 20 ft. above the lake level, in shallow water, filling the lake 
solidly to the bottom to such an extent as to shut off water supplies drawn 
close to the shore; 2000 to 3000 ft. off shore in 20 to 30 ft. of water is required. 
In larger supplies, particularly at Chicago, much trouble is experienced with 
anchor ice as far out as 4 mi. in 40 ft. of water; it is largely a matter of total 
draft in one locality and the velocity of the water as it enters the intake. 


Stream Channel 


0 Slot Intercepting 

/ PartofStreamriQW 



Conduit to Heservoif 
Pump Station f etc. 

( from either Cnd of Iktm) 

Fic. 19. — Differential intake.^> 


In depths exceeding 40 ft., the influence of waves is insufficient to cause serious 
washing and consequent turbidity. The distance of the intake from tlie shore 



Fio. 20.— Factory intake recommended by Associated Factory Mutual BIre 

Insurance Company. 

also has a bearing. Allowance must be made for deterioration in carrying 
capacity of the pipes and against the reasonable variations in the rate at which 
water is demanded. This is particularly important in the smaller supplies. 
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Anchor ice a^d frazil'^ are very important in Great Lakes. They are 
variously termed fitzil, ground ghu, lappered ice (Scotland), moutonne, and 
spicular ice. Anchor ice is formed on bed; frazil between bottom and surface, 
and only when there is open water above. On Lake Michigan, further condi- 
tions for formation of anchor ice and frazil are westerly wind and thermometer 
below freezing; never when sun is shining, or when sky is clouded at night. 
To clear the intake at Lake Forest waterworks, the valves in the well are 
closed, thereby throwing any pressure remaining in the mains xjfpon the intake 
through a by-pass. At times, a pressure of 75 lb. has been maintained for 
20 min. before there would be noticeable relief. About one out of five times 
this method, if tried before sunrise, has proved satisfactory; rest of time more 
water is wasted than comes in through the intake before it is again clogged.*' 
Such troubles with ice are experienced on other lakes, also, and along the 
Mississippi and other rivers. Studies by Murphy in Canada indicate that 
prevention of formation rather than removal is the desideratum; he recom- 
mends*® steam piping to keep temperature of valves, gates, screens, etc. 0.001*^ 
above the freezing point of water. This small increase in temperature pre- 
vents ice adhering to structures. At Detroit, a fender deflects ice from the 
ports.® At Moline, 111., compressed air is used to free screens of ice.** An 
auxiliarv submerged intake was installed in St. Louis 

t 

Bibliography, Chapter 6, Intakes 

1. J', A. W. W. A., May, 1923. Vol. 10, p. 602. Z. A. Betant: /. N, E. W, W. A.. Vol. 35, 1921, 
p. 24. S. E. R., Sept. 24, 1898, p. 360. 4. E. N., May 25, 1916, p. 969. S. E. V., Jan. 18. 1917, p. 
94. 6. V. i?.. May 10, 1917, p. 310. 7. J?. V. /?., Nov. 23, 1922, p. 875.t S. 111. Water Supply 
Amn., 1911, p. 37. 9. Kdnig: “Wasserleitungcn," 1907, p. 254. 10. Can. Eng., Feb. 19, 1920, p. 

233. 11. 111. Water Supply Assn., 1912, p. 109. 

♦ See also, Barnes, “Ice Formation.** (Wiley, 1906.) 

t Also 1924 report of Water Dept. 



CHAPTER 6 


WATERSHED DEVELOPMENT BY RESERVOIRS 

Economic Development. Development consists in construction of works 
to form impounding reservoirs wherein can be conserved a portion of the flood 
flows for use in dry periods.* Points to be considered in studying the eco- 
nomic development of a watershed are: (1) yield of area tributary to each 
possible reservoir; (2) required development of storage in each; (3) storage- 
elevation curve for each; (4) cost-elevation curve for each; (5) cost-diameter 
and diameter-gradient-quantity data for all connecting aqueducts ;t (6) com- 
bined plot of available-storage-cost curves for all reservoirs and their connect- 
ing aqueducts; (7) most economical combination of reservoirs within the 
watershed, and cost-storage curve for this combination for different percent- 
ages of total storage on the watershed. (8) Beneficial results, such as flood 
protection, which may be credited to cost of watershed development. (9) 
Possible detrimental effect of watershed development upon water supply of 
lands below reservoir site. 


IMPOUNDING RESERVOIRS 


•Location. The following conditions must be considered :.(o) Geo topicaZ,t 
which affect dam location, choice of dam materials, cost of construction, water- 
tightness of reservoir, ground-water storage, and tendency to siltation (see 
page 106 and Chaps. 7, 8, and 9. (6). Topographical, affording a natural 

basin. The reservoir must be so located^ that maximum volume of storage is 
secured with minimum cost of works and least area flooded. Elevations of 
outlet aqueducts or pipes, and required volume of storage, determine the 
elevation of the flow line. Paper location on U. S. Geological Survey maps will 
indicate areas to be surveyed, (c) Hydrological, The yield of the tributary 
watershed must be of such quantity and so distributed in time as to replenish 
the reservoir with sufficient frequency to supply the demand after deducting 
evaporation, seepage, and compensation requirements (see ‘‘Yield Studies,^’ 
p.87). • ^ 

Size of reservoir should be investigated as to economy by assuming differ- 
ent flow-line elevations and computing all costs — ^land, structures, “damages.’^ 
That flow line is the most economical which results in minimum cost per 
million gallons of usefuL storage capacity. Requirements as to quantity, 
however, are sometimes met at least for a period of years by a smaller reservoir 
than one having lowest unit storage cost. This study ignores hydrolo^eid 


*** For eiffeet of storage on quality, see Chap. 27, p. 633. 
t For calculations of diversion conduits, see E. JY. J8., JuW 22, 1920, p. 158. 

I FJw particulara, see “Engineering Geolofinr,*' Hies and Watson (Wiley, 1914) : *’The Prij 
idneenng < by mrbert fiapworth, Prj^ Inat. C. E„ Vol. 173; 190a# 

V , ..T Water SuTOly,” by C. P. Berkey and J. P. Sanlmb, T. U. 08. 

YcA. 86^1923, p, 1; “Investigations for Dam ana Reservoir Foundations;*’ """ 

>4 ^ 1916. p. 1229;* ’’Oecdogy and the Decatur Dam and Reservoir 
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requirements, and investigations must follow to assure that these are met; 
otherwise a reservoi# might be too large for the tributary area, and demands in 
dry years would then expose the marginal area below the flow line for longer 
than 2 years. An objectionable growth of vegetation would result, which 
would be costly to remove. 

Storage Units. Size of reservoir may be expressed in absolute volumes : 
mil.-gals. for water supply; acre-ft. for irrigation; mil.-cu. ft. for power develop- 
ment; mil.-gals. per sq. mi. of watershed; in days’ sup[)ly; or in ratio to mean 
annual flow. Available storage (used in yield studies) is the storage above 
lowest level at which full flow can be maintained in the effluent conduit. 

One Larger vs. Several Small Reservoirs. Even if a number of small 
reservoirs gives an economy in first cost over one large reservoir, they arc not 
advisable for the following reasons: (1) Small and shallow reservoirs are easily 
affected by organic growths, producing undesirable tastes and odors. (2) 
They are sensitive to the* influence of vegetation, swampy areas, etc. (3) 
Water passes through too quickly, giving no time for sterilizing action. Most 
pathogenic bacteria will die after 2 to 4 weeks in a large storage reservoir. 
(4) With a large, deep reservoir, water can be drawn from the surface, bottom, 
or intermediate depths, thus securing good water from one of these levels, 
when others arc unsatisfactory. (5) The quality of the water is improved by 
sedimentation* and bleaching. (6) The greater depths of a. hfrge reservoir, 
and the greater exposure to the w'ind, tend to prevent growths of objectionable 
organisms. On the other Iiaiul, the quality may be injured if the reservoir 
is so large as to be filled only at times of excessively heav}" run-off. During 
dry spells, injurious substances are likely to collect on the margins. 

Estimates of reservoir capacities can be made i)reliminarily, until more 
exact maps are available, by planimetering the 20-ft. contours on U. S. Geo- 
logical Survey rnapst photostated up to a scale of 1000 ft. to 1 in. These 
partial capacities between contours s'nould be plotted on a diagram together 
with a curve of contour areas at each elevation. Do not fail to indicate 
limits of available capacity. To construct capacity curves of a reservoir in 
service, C. C. Jacobi measures infloAV and outflow simultaneously, and change 
in water stage, thereby securing a volume figure for one zone. Tests at various 
stages complete the graph. This procedure ignores evaporation losses, but 
includes ground storage. 

Ground Storage. Storage capacity is computed from the surface contours 
only, whereas water stored in 'pervious layers tributary to the reservoir also 
is available. This ground storage may amount to several inches of rainfall 
or 5 to 20 per cent, of the reservoir capacity.^® Its great value lies in exemp- 
tion from evaporation. Studies of yield should contain estimates of this 
storage based on. subsurface investigations by test pits. Jacobis methodi 
of establishing capacity curves determines total storage, rather than capacity 
of the basin. 

Reserve Storage. In operating the Croton reservoirs of New York City’s 
water system the quantity of water in storage is not allowed to become less 
than a quantity which, added to the lowest run-off recorded for a year, would 
equal the anticipated consumption for such year.®® At Plymouth, Mass., 
cliarts were prepared to acquaint the public with the state of tlje reservoirs.®^ 

♦See Chap. 28, p. 640. ; ^ V . 

t Horton emphamses^ the greater importance on email drainage basine of the oociMdoftal ^ip^dfe in 
govornment topographic maps. 
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Largest Reservoirs in the United States. A list compiled by Allen Hassen 
is given in E, N. fl., May 11, 1922, p. 799 and Oct. 5, 1§22, p. 576. 

Costs of storage per mg. capacity vary widely. Wachusett is given as 
$36.40, while Cedar Grove (Newark Water Works), is $957.* Costs of storage 
should include engineering, interest charges during construction, real estate, 
highway and railway relocation, and other such items in addition to construc- 
tion expenditures. On some large reservoirs in Eastern United States, costs 
of land and proceedings for its acquisition represented 26 to 40 per cent, 
of all costs. 


YIELD 


• Definitions. Yield is the collectible portion of the precipitation on a 
watershed, gathered on the surface or underground. Safe yield is the mini- 
mum yield recorded or estimated for a given past or future |)eriod. Draft 
is the quantity drawn for use. Drainage area of a stream at a given point 
“is the area of the surface of the earth which contributes its run-off to the 
stream above that point. ”4 in some instances, it includes areas outside the 
surface divide, which are tributary underground. 

Data for Calculations. Safe possible yield for water, supply cannot be 
computed until the following data are obtained: (1) Catchment area; (2) 
rainfall: (a) minimum year; (/>) series of dry years; (c) average of a long series 
of years ; (3) ground-water diagram of the stream ; (4) available storage (capac- 
ity on the stream; (5) loss by evaporation and |Kn'colation;2 (6) measurements 
of actual run-off of the stream. 


Swamps. The Committee of N. E. W. W. A., 1914, considered undrained 
swamps equivalent to 40 per cent, of their areas as water surface and 60 per 
cent, upland; drained swamps, 80 and 70 per cent., n^spectively. 

Yield studies^ of exisling rvaUrslwda have been made by FitzGerald,® 
F. P. Stearns,® Haz(m® (Table 30), Deacon, Committee of N. E. W. W. A.,'' 
(Table 29), and others. They reflect differences of judgment and method. 


Table 29. Storage Capacity Required to Sustain Constant Daily Draft from 1 
Sq. Mi. Containing Various Percentages of Water Surfaces 

(Baskd on Sudbuuy Watkushki), 1875 - 1890 ) 


Constant daily 
draft, liundred 
thousand gals. 



Storage, million guls. 

per H(|. mi. 



0 % 

2% 

4% 

6% 

8% 

10% 

15% 

20%, 

25 % 

1.0 

0.314 

1.289 

2.656 

6.973 

10.992 

15.012 

26.883 

40.224 

53 . 565 

1.5 

3.006 

4.711 

7.552 

11.573 

15*592 

19.642 

32.983 

46.324 

59 . 665 

2.0 

8.797 

9.937 

12.802 

15.666 

20.427 

25 . 742 

39 . 083 

52.424 

65.765 

2.5 

17.997 

20.637 

23.502 

26 . 3()6 

29.230 

33.338 

45.449 

58.524 

71.865 

3.0 

28.473 

31.337 

34.202 

37.060 

39.930 

43.437 

54.599 

66.702 

78.807 

3.5 

39.173 

42.037 

44.902 

47.766 

59.630 

54 . 137 

64.812 

75.852 

87.057 

4.0 

51 . 303 

52.788 

55.602 

58.466 

61.(>43 

66.050 

77.062 

88.076 

99.089 

4.5 

63.553 

65.038 

66.525 

69.488 

73.893 

78.300 

89.312 

100.970 

127.412 

5.0 

75.803 

77.288 

79.105 

82.131 

86.143 

90.550 

103.474 

129.920 

156.362 

5.5 

88.053 

89.877 

92.905 

95.931 

98.958 

105.987 

132.424 

158.870 

185.312 

6.0 

100.651 

103.677 

106.705 

113.781 

124.357 

134.937 

.161374 

187.820 

214.262 

6.5 

114.451 

121.577 

132.154 

142.731 

153.307 

163.887 

190.324 

216.770 

250,744 

’ 7.0 

139.950 

150.527 

161.104 

171.681 

182.257 

192.837 

219.274 

265.546 

336,044 

7.5 

168.900 

179.477 

190.0.54 

200.631 

211.207 

221.787 

280.343 

350.846 

421.344 

8.0 

199.106 

208.427 

219.004 

244.445 

270.452 

297.460 

365.643 

436.146 

406 644 

8.5 

250.328 

276.275 

302.240 

328.195 

354.202 

380.557 

450.943 

521.446 

591 944 

9.0 

334.078 

360.025 

385.990 

1 

411.945 

437.952 

465.857 

536.243 

606.746 

677!244 



i fw also 





Hydrological studies of safe 3deld are necessarily b^ed upon practical 
considerations of rainfall and run-off, or, if these data are not available, upon 
like data from a similar watershed, properly weighted for local conditions.* 
In calculating safe yield from large watersheds, it is usual practice to provide 
for a safe uniform draft for a series of years. A large amount of storage 
which cannot be drawn off in a single year, and which can be exhausted only 
after the reservoirs have failed to fill in a wet season, represents a better condi- 
tion than a reservoir holding but 1 dry year's supply; because (a) 2 or more 
dry years are less likely to occur in succession, although more commonly 
occurring at intervals; and (b) a larger reservoir gives a longer period for action 
after warning of need of an additional supply. A water famine scare comes 
long before the reservoir is exhausted to the level assumed in capacity compu- 
tations. A reservoir which cannot be emptied by the draft in less than 3, 4, or 
5 years allows for sufficient warning against the possible shortage, for most 
communities. 

Mass diagram^ affords the best method of studying behavior of streams, but 
is not recommended® unless monthly stream-flow records for 20 years or more 
arc available. 
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Months 
Fig. 21. — Mass diagram. 


A mass diagram is constructed by marking off months as abscissas, and, on the 
ordinates thus located, plotting the summation of flows up to and including that 
month. If full records are not available, fill in the missing data by the method 
given on page 3. Units, are immaterial — in. of run-off, cfs., or mgd., — so long 
as confusion in interpretation is avoided. If records are in cfs., ordinates as read 
must be multiplied by 60 by 60 by 24 by 30 ( ~ 2,692,000) to convert to total flow 
in cu. ft. to date. 

In Fig. 21, flow for 10 months totals 3000 mg., or at average monthly rate of 
3000 ■¥ 10 = 300, which is represented by dotted line OT, Demand is generally 
represented by a straight line whose slope represents the rate. The line may be 
broken (change slope) to show different rates for succeeding periods. The deinaiid 
line may include draft, seepage losses, evaporation, and compensation water* ^ If 

♦ Hasten TO modifies run-off data for Eastern United States by increasing 0.64 Ifi. pw •aoh 

100 ft. decrease in elevation. . . 
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OT i^preseiits the demand, obviously there would be periodsi ft and iSf, when tfie 
undeveloped supply would not suffice. From various high faints on the ascend^ 
ing mass curve, lines with slopes required by demand rates ai*e drawn downward 
and ordinates intercepted between mass curve and this demand line investigated. 
The maximum ordinate represents the available reservoir capacity required to main- 
tain this draft throughout the period of the record. The horizontal distances 
between intercepts of said sloping lines represent depletion periods. 

If rz represents a proposed rate of draft from a reservoir with volume repre- 
sented by ordinate US, it would be depicted during the period from Z to T. Line 
OS represents the maximum possible rate of draft; slope of no demand line should 
be steeper than this line. Mass diagram has the advantage over other studies 
that the relative periods of filling and depletion are graphically presented. 

Studies by A. S. Burgess, ^ N. Y, City Dept, of Water Supply, of mass curves 
for streams in Northeastern United States for 20-year periods, indicate that a 
single year may have 40 per cent, of normal yield; his methods of analysis are 
ultraconservative. Several mass-curve studies are outlined in E, N., 1913, Sept. 
11, p. 497, and Dec. 25, p. 1290. For small watersheds, Suter prefers duration * 
curves to mass curves. 

Methods for Short Records. Hazenf applies to short-time records, or to 
streams with no records, the records of comparable streams by means 6f a 
‘^coefficient of variation.” To compute this coefficient, tabulate annual flows 
in any unit and find the mean. For each year, compute the variation from this 
mean (ignoring plus and minus signs), and square each difference. Add 
these squares, and divide sum by one less than the number of terms. The 
square root of this quotient is the standard variation, which is divided by the 
mean to get the coefficient of variation^ (c.v.). The following example is given 
by Hazen : 

Compute storage required to develop 35 mgd. from 48 sq. mi. of mountain 
country with little ground storage, mean run-off being assumed from data 
for neighboring areas to be 25 in., and cdfefficient of variation in mean annual 
flow to be 0.20. The mean annual flow is 48 X 25 X 17.379 = 20,855 mg., 
or 57.1 mgd. The required delivery, 35 mgd., is 61 per cent, of the mean flow. 
As this is more than 50 per cent.. Table 31 is used. Under c.v. == 0.20, 60 per 
cent, and 65 per cent, of mean flo\y available call for storages of 0.31 and 0.35. 
By interpolation, 61 per cent, calls for 0.318 of mean annual flow; 0.318 X 
20,855 = 6632 mg., the required storage. To this must be added an allow- 
ance to cover loss by evaporation (see p. 35). From the same area for a 
first instalment of 20 mgd., equal to 35 per cent! of the mean flow, Table 30 is 
used. No ground storage is assumed. Storage required, 0.128 of mean flow, 
or 2669 mg: An allowance for eyaporation must be made. 

Tables 30, 31, and 32 represent different degrees of development and 
ground-water storage, and, in general, apply to the section of United States 
designated in the title. Table 30 is for partial developments where reservoir 
refills each winter and ground storage is a more important factor. Tables 31 
and 32 are applicable to high and complete developments, where the reservoirs 
do not refill each winter, and where the coefficient of variation in annual ; 

the important factor. ^ < 

:.:*Seep.42. 'Ste 

t j^Droduoed by permiMion from MerrimaD’s '‘American Civil Engineers Handbook, nabliabod 
by idin Wiltfy and fens, Ino., 4th ed., 1920, pp. 1196-1190. , 

I See "Records for American streams," in T. A. S. C, Vol. 84, 1921, p, 217*' f ’ 



90 


WATERWORKS HANDBOOK 


Table 30. Coefficients for Storage 

Northeastern States 



Storage in terms of mean annual flow 

Per cent, of mean 
flow used 

Impervious soils, 
No gfouiid 
storage 

.\ver.age soils, 

30 days' ground 
storage 

Deep gravel 
and sand, 

00 days’ ground 
8tt*rago 

CTreatest natural 
storage, 

00 days’ ground 
storage 

50 

0.229 

0.188 

0.147 

0 . 106 

45 

0.192 

0.155 

0.118 

0.081 

40 

0 . 159 

0 126 

0.093 

0.060 

35 

0.128 

0.099 


0.012 

30 

0.008 

0.073 


0.024 

25 

0.072 

0 052 

0.031 

0.010 

20 

0.018 

0.032 

0.015 

0 

15 

0.029 

0 017 

0.004 

0 

10 

0.014 

0 006 

0 



Table 31. Coefficients for Storage 

Oregon, ^^'^lshington, and East of Mississippi River 


Per cent, 
of mean 
flow 
avail- 
able 

Storage in terms of mean annual flow 

T)ed\ic- 
tion for 
30 days’ 
ground 
storage* 

r . v .- 
0 , 20 

C.V.- 
0 . 22 

r . v .= 

0.24 

»c. • 

-• 11 

C V.= 
0.28 

C .V.= 
0.30 

C.V.= 

0.35 

r \'.= 

0 . 40 

('.V.« 

0.45 

or > 

1 .21 

1 . 33 

1 . 4(» 

1.60 

1.74 

1 . 00 

2 - 30 

2 . 70 

3.10 

0 . 078 

00 

0 . 85 

0 , 02 

1 .(K) 

1 . 00 . 

1 . 20 

1 .31 

1 . 60 

1 . 88 

2 . 20 

0 . 074 

8o 

0.66 

0.71 

0.77 

0.83 

0.01 

1 00 

1.23 

1.47 

1 . 70 

0 . 070 

80 

0.54 

0 . 57 

0.61 

0.66 

0.71 

0.78 

0.07 

1.10 

1 . 30 

0.066 

75 

0.45 

0.47 

0.50 

0.53 

0.57 

0.62 

0.77 

0.05 

1.13 

0.062 

70 

0.39 

0.40 

0.41 

0.44 

0.47 

0.50 

0 . 62 

0.76 

0 . 02 

0.058 

65 

0 . 35 

0.35 

0 . 35 

0.37 

0.30 

0.41 

0.50 

0.61 

0,74 

0 . 053 

60 

0.31 

0.31 

0.31 

0.32 

0.33 

0.34 

0.40 

0 . 40 

0.60 

0 . 010 

55 

0.27 

0.27 

0.27 

0.27 

0.28 

0.28 

0.33 

0 . 311 

0.40 

0.045 

50 

0.23 

: 0 . 23 

0.23 

0.23 

. 0.23 

0 24 

0 . 26 

0 . 32 

0 . 30 

0.041 


♦ 8o<* Tables 30 and 33 for cla.s«i Heat ion and data on jjround Ktoran<‘. For larger or srnallt r 
amount8 the deductions arc in jjroportion to the number of days' storage. 


Table 32. Coefficients for Storage 

West of Mississippi River, except Oregon and Washington 


Per cent, of mean 

[ Storage in terms of mean annual flow 






C.V.- 


c . v . = 


flow available 

C.V.= 

C . v .= 

C.V.= 

(’.V,= 

C.V.* 

C.V.- 

C.V.- 


0.50 

0.60 

0.70 

0.80 

0.90 

1.00 

1.10 

1.20 

1 . 50 

90 

85 

80 

3 00 

3.80 

4.70 

5.60 

6 40 





2.30 

1 .85 

3 00 

. 3,70 

4.50 

5 .30 

6.10 

7.00 



2.40 

3.10 

3.70 

4.40 

5,10 

5.90 

6.70 

9.30 

75 

1.55 

2 .( H ) 

2.60 

3.15 

3.70 

4.40 

5 .( K ) 

5.70 

8.10 

70 

1.28 

1,70 

2 20 

2.70 

3.20 

3.80 

4.40 

5.00 

7.20 

65 

1.05 

1.44 

1 .85 

’ 2.30 

2.85 

3.40 

3.90 

4.50 

6.50 

60 

0.89 

1.21 

1.60 

2.00 

2.50 

3.00 

3.50 

4.00 

6.00 

55 

0.74 

1.02 

1 .35 

1.75 

2.20 

2.65 

3.10 

3.60 

5.50 

50 

0.61 

0.86 

1.15 

1.50 

1.90 

2.35 

2.80 

3.25 

5,00 

45 

0.51 

0.72 

0.98 

1 .30 

1.70 

2.10 

2.50 

2.90 

4 40 

40 

0.42 

0.61 

0.84 

1.12 

1 .45 

1.80 

2.15 

2.50 

3.80 

85 

0.34 

0 51 

0.72 

0.96 

1.22 

1 .50 

1.80 

2 15 

3.30 

30 

- 

0.27 

0.42 

0.61 

0.80 

1.00 

1.25 

1.50 

1.80 

2.75 
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Table 83. Statistics of Some of the Larger Storage Systems fot Municipal Supply 
in the United States, Jan. 1, l»a6t • 


System 

Area in 
sq. mi. 
tribu- 
tary to 
reser- 
voirs 

Mean 
run- 
off in 
in. 

Coeffi- 
cient of 
varia- 
tion in 
annual 
How.s 

Storage 
in terms 
of mean 
annual 
flow 

No. 

of 

reser- 

voirs 

Storage 
in bil- 
lions of 
gal., in- 
cluding 
reser- 
voirs 
now 
building 

Actual 
net 
avail- 
able 
storage 
i n use 
Jan., 
1926 

New York City, Croton, Ash- 
okan, Kcti-sioo, and Scliohario. . 

908 

25.7 

0.22 

0.05 

17 

281 

261 

Boston-Mot. W. W 

203 

21.3 

0.24 

0.90 

9 

72 

72 

San Francisco S. V. W. Co 

171 

10.0 

0.00 

2.08 

4 

62 

62 

* Denvor-Choosrnan 

1790 

1.3 

0.,58 

0.01 

1 

25 

25 

Los Angeles (Owens River) 

1180 

4.8 

0.30 

0.50 

13 

50 

50 

San Diego 

219 

2.0 

1 . .50 

4.00 

2 

31 

15 

*Troy, N Y ! 

Hartford, Conn. (Nepuug and 
East Branch) ! 

07 

20.0 

0.20 

0.51 

1 

12 

12 

93 

20.3 

0.17 

0.20 

2 

12.5 

12.5 

Wilkes Barre, Pm 

70 

20.0 

0.20 

0.42 

10 

11.0 ' 

11.0 

Jersey City, N. .1 

121 

25.0 

0.22 

0.10 

1 

8.6 

8.6 

Bridgeport 

80 

22.0 

0.22 

0 . 21 

8 

14.0 

9.0 

03.7 

27.1 

0.21 

0.38 

4 

1 1 . 4 

11.4 

*Bt. Paul 

138 

4.4 

0.45 

0..53 

7 

5.7 

5.7 

Seattle 

135 

71.5 

0.23 

0.00 

2 

9.4 

4.9 

Oakland — East. Bay Water Co.. 

77 

8.3 

0.80 

3.03 

3 

32.6 

2.8 

Lynn, Mass 

New Haven, Conn 


20.0 

0.22 



4.1 

4.1 

* *88 

22.0 

0.22 

6!ii 


3.6 

3.6 

Worcester, Mas.s 

23 

22.0 

.0.20 

0.40 

io 

3.4 

3.4 

Cambridge, Mass 

25 

20.0 

0.21 

0.30 

4 

3.1 

3.1 

Springfield, Mi#s 

■18 

27.0 

0.20 

0.11 

1 

2.5 

2.5 

• Holyoke, Mass 

9 

27.0 

0.21 

0.54 

4 

2.3 

2.3 


' 1919 data. 


AT. E, W. W. method (Table 34 and Fig. 22), for computing safe capacities 
of sources of supply. To apply practically the table or the diagram showing 
storage capacity required to supply different daily drafts of water from 1 sq. 



Fia. 22, — Storage capacity required to supply various quantities of water 
daily from one square mile of drainage area containing various percentages of 
water surfaces.^^ 

Composite diagram based on Abbott Run (R. I.), Sudbury and Manhan Rivefs, Tillotson Brook, 
Wachusett reservoir (Mass.), Naugatuck River (Conn.), Croton River (N. Y.). See Table 34 and 
Pig. 14. 

mi. of drainage area, it is necessary to have the following preliiuiiiary 
information: 

t Based on Hasen’s studies* and on correspondence. 
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(1) Dwnage'area in square miles.' (2) Area of all water surfaces when 
reservoirs are full, iA square miles, together with 40 per cent, of area of undrained 
swamps and 30 per cent, of area of drained swamps. By dividing total 
area of water surfaces so determined by number of square miles in drainage 
area, per cent, of water surfaces when reservoirs are full is obtained. (3) Avail- 
able capacity of storage reservoir, in million gallons. Available capacity of 
storage reservoirs divided by number of square miles in whole drainage area 
gives storage per square mile. 

Table 34.. Increment in Storage Capacity Corresponding to Increment in Daily 
Supply from 1 Sq. Mi. of Drainage Area Containing Various Percentages 
of Water Surface (Based on Fig. 22)it 


Increment in daily supply, 
gallons per bq. nil. 

Increment in required storage. Million gallons 

0% 

5% 

10% 

15% 

200,000 to 250,000 

7.2 

7.2 

7.6 

7.6 

250,000 to 300,000 

7.8 

7.9 

8.2 

8.2 

300,000 to 350,000 

8.4 

8.6 

8.8 

8.8 

350,000 to 400,000 

9.0 

9.3 

9.4 

9.4 

400.000 to 450,000 

450.000 to 500,000 

9.6 

10.0 

10.0 

10.1 

10.2 

10.7 

10.7 

11.0 

500,000 to 550,000 

10.9 

11.5 

11.9 

12.4 

550,000 to 600,000 

11.7 

12.7 

13.6 ’ 

14.6 

600,000 to 650,000 

12.9 

14.3 

15.8 

17.6 

650.000 to 700,000 

700.000 to 750,000 

14.4 

16.3 

18.5 

21.6 

16.3 

18.7 

22.0 

26.6 

750,000 to 800,000 

18.8 

21.7 

26.0 

33.0 

800,000 to 850,000 

22.6 

26.5 

33.0 

43.0 

850,000 to 900,000 

28.8 

35.0 

45.0 

57.0 

900,000 to 950,000 

38.7 

49.5 

62.0 

75.0 

950,000 to 1,000,000 
1,000,000 to 1,050,000 

50.6 

74.8 

71.0 

103.0 

83.0 



Preventiiig Overflow from Watersheds. Generally the cost is dispropor- 
tionate to the gain in supply. Studies may be made to determine the addi- 
tional reservoir capacity required to prevent any flow over the spillway of the 
only or the lowest reservoir on the watershed as follows: To find the average 
supply available, plot a mass curve similar to Fig. 21, A straiglit line OT 
drawn to connect the ends of the curve indicates the average supply obtain- 
able if waste is to be avoided,, A line MN is drawn parallel to OT and tan- 
gent to the highest point of the mass curvfe. The maximum ordinate, N8^ 
l>etween the mass curve and line MN represents the maximum storage re- 
quired, if waste is to be minimized. 

Average Yields. Experience and computations have shown that only 
small storage is necessary in New England to obtain 200,000 to 300,000 gal, 
daily per sq. mi.; but for larger supplies, say 800,000 to 1,000,000 gal. daily, 
large storage is required for absolute safety in dry years, little of this storage 
being utilized in ordinary years. As the size of the reservoir is increased 
Ixiyond moderate limits, a greater proportionate increase in the quantity of 
fitorage is required for each additional million gallons per day which such 
J^torage will furnish, and it is generally found inexpedient to atteinpt 
from a watershed more than 80 per cent, of the avera^ ^ 
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rule is tlmt above, say, 600,000 pr 600,000 gal. daily per sq* ml, each additional 
100,000 gal. requires much more additional storage than tUfe preceding 100,000 
gal., and a point exists, beyond which, unless storage can be obtained at remark- 
ably low cost, it is not warranted by economics to proceed. Notwithstanding 
this general rule, there are exceptional cases in which a larger draft may be 
obtained at moderate cost. 

Compensation water is the quantity that must be allowed to pass the diver- 
sion works to satisfy holders of prior rights on the stream. It is variously 
determined in the absence of specific requirements in the grants under which 
the reservoir is built. For the Ramapo diversion, Bayonne, N. J., it was 
accepted by the State Department of Conservation and Development of New 
Jersey as the dry- weather flow of the stream. In England, the requirements 
are fixed by Parliamentary acts. * All water rights affected should be economi- 
cally investigated; on large projects, a department is sometimes formed to 
adjust damage claims. 

OVERFLOW WEIRS AND SPILLWAYS f 


Requirements. Many earth dams have failed from overtopping when 
spillways proved t>oo small to carry off floods. Waste weir and overflow chan- 
nel capacities should be proportioned to greatest possible run-off, unless a 
given situatioft justifies a reasonable risk to avoid excessive cost. Depth on 
crest of weir should be so limited that backwater will not cause claims for 
damages. In Eastern United States, a waste weir and its channel should be 
of sufficient dimensions to carry off a 6-in. depth of water on the watershed in 
24 hr. In some localities, small reservoirs may require a much more liberal 
provision. Eddy^ia says that proportioning on a 6-in. basis has “long been 
known to be unscientific, and in many cases, has resulted in inadequate 
provision.'^ Cloudbursts seldom cover an area greater than 40 sq. mi. Meyer 
computes the area of an excessive rainsitorm to have a diameter of 15 mi.i* 
On account of the retarding effect of water surfaces, spillways for large reser- 
voirs may be relatively smaller than for small reservoirs. Spillways for 
Wachusett and Catskill reservoirs were proportioned to discharge 8 in. of 
run-off per 24 hr. Croton, Sudbury, and the Scioto dam at Columbus were 
designed for 6-in. run-off. Wanaque overflow weir and channel is propor- 
tioned to take a flood occurring once in 1000 years in accordance with Fuller's'^ 
curves. J These curves did not give. satisfactory results when applied to the 
San Antonio flood.^ib § Strange*® recommends for Indian conditions, 
a flood 10 per cent, greater than the maximum in a 25-year record. Miami 
Conservancy District based design of detention reservoirs on a .10-in. run-off 
in 3 days (maximum rate = 4.5 in. per 24 hrs.) for watershed areas i>f 
250— 27p sq. mi., and 9.5 in., in 3 days (maximum rate = 4 in. per 24 hrs.) 
for watershed areas between 650 and 780 sq. mi. Stony River dam*<>A 
(watershed = llsq. mi.) is designed to take 12 in. rainfall in 24 hrs. 


♦ It IB customary to place, on an authority constructing a reservoir, an obligation to L... 

one-third to one-tenth of. the average gross yield of the reservoir at a point within 100 yd. of , tfi 
base of the embankment as compensation to mills and other interested parties within 20 niil^ do^|^ 
steeam from the dam.»^* For allowances on large projects, see Eng., July 22, 1021rp/160. 

' tFor design, see p. 146. .. 

v^ee. diagram, p. 65. ; • \ 

in Cahe Creek, N. C.,*®® North Canadian Creek of OkUhomaCl|iy Widwr #^toi^#^ 

ttpd (^ber places, have exceeded Fuller’s 1000-yr. curve. 
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It is not ecoiiomically feasible to provide for the worst floods* in some 
regions; Table 35 i^ compiled as evidence.®® 


Table 35. Excessive Floods vs. Spillway Capacity 


Streiun 

Station 
or country 

Date 

Watershed 
sq. mi. 

Equivalent 
run-off, in. 
per 24 hrs. 

Flood flow 
cfs., per 
sq. mi. 

Annual 

rainfall, 

inches 

Catawba 

Rockhill, S. C. 

May, 1901 

2,987 

1.9 

50 



Catawba 

Not stated 

May, 1901 

1,535 

2.3 

62 



Cane Cr. 

Bakersville, N. C. 

May. 1901 

22 

50.0 

1,341 

— 

Elk Horn 

Keystone, W. Va. * 

June, 1901 

44 

51.0 

1,363 

— - 

Santa Catarina 

Monterey, Mex. 

Aug., 1909 

544 

22.0 

590 

25 

Estanzuela 

Monterey, Mex. 

Aug., 1900 

3.5 

31.0 

825 

25 

Tansa 

India 

Not known 

62.5 

25.0 

667 

101 

Khrishna 

India 

Not known 

345 

13.0 

343 

258 

Irawaddy 

India 

Not known 

149,810 

0.5 

13 

368 

Ganges 

India 

Not known 

367,970 

0.2 

5 

27 

Ohio 

Cairo, III. 

Not knqw'n 

214.000 

0.1 

3.3 

55 

Delaware 

[ Lambertville, N. J. 

Not known 

6,820 

1.3 

36 

45 

Colorado 

Austin, Tex. 

Not known 

37,000 

0.1 

3.3 

24.5 

Mississippi 

St. Louis 

Not known 

1,226,000 

0.03 

0.8 

— 

NUe 

Assuan, Egypt 

Not known 

1.. 300,000 

0.01 

0.35 

— 


* Average flood flow for 14 hr. = 278 cfs. pr sq. mi. 


Location of weir and channel is important^ as a prime consideration is 
removal of water from the foot of the weir as fast as it comes over.f It is 
especially important to prevent cutting of paving or stream bed near the toe of 
a waste weir or overfall dam, because the stability of the weir or dam may be 
threatened in time. Topographical conditions often reejuire a channel at 
right angles to the weir, wliich results in the piling uj) of water in the channel 
to obtain initial velocity-head for starting it off in a new direction. Careful 
designing is needed to minimize the depth of water at this point. Destructive 
velocities often occur in waste channels, and failures of paving are not uncom- 
moii.J Repairs to the spillway of Gibraltar dam are described in E. N , R.j 
Nov. 9, 1922, p. 798. The hydraulics must be carefully examined to assure 
jumps” only at points where no ha«m \vould ensue. If a curve occurs in the 
channel, allowance for banking of water on tlie outside bank must be made 
(see page 276). Sometimes, as at Costilla Creek, an outlet tunnel is used 
to carry off the flood waters ; attention must be given to getting water into the 
conduit; generally the tunnel would be of proliibitive diameter. At Davis 
Bridge, VT., a shaft spillway discharges water into a tunnel.*® At Elephant 
Butte dam, the spillway channel is a trough 50 ft. wide and 20 to 25 ft. deep, 
cut out of the flanking hillside and sloping steeply to the stream-bed; capacity, 
30,000 cfs.7S Twin spillways at Lahontan dam converge in a pool; one spill- 
Avay rests on piers and the earth embankment of the darn.®® Williams®7b 
advocates provision of an auxiliary spillway at a separate location where a low 
dike can be thrown up to retain the ordinary floods. This dike would be 
overtopped by floods once in 50 years, and relieve the main spillways. Such 
an expedient reduces the cost of the spillway. 

Waste Weir and Rise of Reservoir. The following equation gives rise 
of surface of reservoir under flood conditions (prismatic reservoir, uniform 
inflow) » * 

* For flood flows, nee pp. 62 and 95. 

t For hydraulic jump at foot, see T. A. S. C. E., Vol. 80, 1916, p. 390. 

X See p. 274. 

I Bee, also, “Determining Regulating Effect of Storage Reservoir,” by R. E. Horton, E.N. .iif., 
in^’ 1918, p, 455; and studies in Technical Reporte, Part VII, Miait^i Conseryanoy Distnet, 










Area of Water-shed, in Square Miles. 

Fig. 23 , 
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^ “ 7 + 

^ 2 

t == time in sec. for the surface to rise from Hi to as obsei^ed on the 
weir. 

H\ depth in ft. on weir at beginning of flood flow. 

A = area of reservoir, sq. ft., at weir level. 

I ~ rate of inflow, cu. ft. per sec. 

Q\ = outflow, cu. ft. per sec., corresponding to Hi. 

Q 2 = outflow, cu. ft. per sec., corresponding to H 2 . 


Table 36. Temporary Storage above Waste Weir Crest, Surface Area of Reservoir, 
Equivdent Quantity Collected, or Run-off, from Watershed in 
24 Hr., and Length of Waste Weir for Three Assumed 
Reservoirs and Watersheds, D, £, F. 


Assumptions: 

Area of reservoir, at | sq. ft., | = 
weir crest level \ acres j = 

Area of watershed, sq. mi. — 

1 in. collected from water- 
shed in 24 hr. is equivalent 
to run-off of 26.888 cfs. per 
sq. mi. 

1 in. depth on watershed, cu. ft. 

gal. 

Length of shore line, or per- 
i meter of reservoir, at crest 
level = ICK/A 


D 

E 

F 

h, 000, 000 

10,000,000 

. 100,000,000 

23 

230 

2,300 

1 

10 

100 


27 

270 

2,700 

2,323,000 

23,232,000 

232,320,000 

17,379,000 

173,787,000 

1,737,870,000 

10,000 

31,600 

100,000 

1.9 

6.0 

19 


Average slope of shores 1 vertical on 5 horizontal 

A = area of reservoir at* level of waste weir crest. 

p — jxirimeter of reservoir at level of waste weir crest. 

H = height, or rise, above level of waste weir crest. 

G == gain in storage above level of waste weir crest. 

Gain in storage, = AH + C«H*p (very nearly) (1) 

is a coefficient depending upon slope of shore, and in case assumed *= 2.5 
(i.e.y J base, or horizontal, of slope ratio, 1 on 5). 

Area of water surface for any value of H is : 

A. - A + 2Cv>Hp (very nearly). (2) 

For weir length, broad crest, Q = run-off, cfs. (after steady conditions 
have been attained), = 3.40LH* nearly enough; whence weir length, in ft., 

L Q -f- 3.40H*. ' (3) 

Formulas, (1), (2), (3), Tables 36 and 37, and Figs. 24-26, are useful for 
determining storage gained by dashboards or by raising a waste weir or dam; 
run-off required from watershed to cause such gain; quantity going into tern- ^ 
porary storage during a freshet while the head increases on the waste wei^; 
also length of weir for given head H and corresponding assume^ condi%i^k 

* Qi sad Qt may b€ expressed in terms of weir length and bead; see gri^hical/solution 
^evvns, F. i'^ Dec. 22, 1921, p. 1081. ■ 
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Economic Length of Waste Weir. For a given inflow into a reservoir the 
flood level is a function of the length of the weir. The top elevation of 
the Hum having not yet been fixed economically, and assuming the top of the 



Million Cubic Feet per 24 Hour^. 

Fig 24 — Quantity eollefted, or run-off, from w at or shod in 24 hours. 

dam to be at a constant distance above flood level, the inflow provided for will 
vary with assumed flood level, and consequently with the length of weir. The 
economical weir length will, therefore, be the one corresponding to the mmi^ 


Equivalent Inches Runoff from Watershed of I sq m in 24 hrs * 

10 20 30 40 50 00 70 80 90 lOO UO 

100 200 300 400 500 600 700 800 900 1000 1100 



These units represent the run off in inches per day X area of watershed in square miles. 


mum point on the curve of height of dam: total cost of reservoir,*' ^In 
plotting this curve, ^^cost of reservoir" should be plotted as ordinates, that is^ 
tp a vertical scale, and ‘^length of weir" as abscissas. Cost of reservoir 
includes the items enumerated on p. 87. * 
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Table 37. Temporary Storage above Waste Weir Crest.* Area of Water Surface, 
Corresponding Run-ojff and Length of W%ir 


H 

ft. 

0 

million ou. ft. 

. . Ai 

million sq. ft. 

Inches depth 
on water'oshcd 
per 24 hrs. 

Run-off, c.f.s. 

Q 

Waste weir, 
length, ft. 

Reservoir D. Area 1,000,000 sq. ft. (23 acres) 

0.05 

0.050 

1.002 

0.021 

0.56 

14.8 

0.10 

0.100 

1.005 

0.043 

1.15 

10.9 

0.15 

0. 151 

1.007 

0. 066 

1.77 

9.1 

0.20 

0.201 

1.010 

0.086 

2.31 

7.7 

0.25 

0.252 

1.013 

0.108 

2.91 

6.8 

0.35 

0.353 

1.017 

0.15 

4.03 

5.7 

Reservoir E. Area 10,000,000 sq. ft. (2.30 acres) 

1 

10.079 

10.188 

0.4 

11.6 

34 

2 

20.316 

10..376 

0.9 

23.5 

24 

3 

30.711 

10.564 

1.3 

35.6 

20 

4 

41.264 

10.752 

1.8 

47.7 

18 

5 

51.975 

10.940 

2.2 

60.1 

16 

6 

62.844 

11.128 

2.7 

72.8 

15 

7 

73.871 

11.316 

3.2 

85.7 

14 

8 

85.056 

11.. 504 

3.7 

98.7 

13 

9 

96.,399 

11.692 

4.2 

111.8 

12 

10 

107.900 

11.880 

4.6 

125.0 

12 

11 

119.559 

12.068 

5.1 

1.38.5 

11 

12 

131.376 

12.256 

5.7 

152.3 

11 

13 

143.351 

12.444 

6.2 

166.0 

10 

14 

155.484 

12.632 

6.7 

180.5 

10 

^ Reservoir F. Area 100,000,000 sq. ft. (2295 acres) 

1 

100.250 

100..500 

0.4 

1,160 

342 

2 

201.000 

101.000 

0.9 

2,320 

242 

3 

302.250 

101.500 

1.3 

3,. 500 

198 

4 

404.000 

102.000 

1.7 

4,690 

172 

5 

506.250 

202.500 

2.2 

5,880 

155 

6 

609.000 

103.000 

2.6 

7,060 

141 

7 

712,250 

103. .500 

3.1 

8,240 

131 

8 

816.000 

104.000 

3.5 

9,470 

123 

0 

920.250 

104..500 

4.0 

10,680 

116 

10 

1,025.000 

105.000 

4.4 

11,880 

110 

11 

1,130.250 

105., 500 

4.9 

13,100 

105 

12 

1,236.000 

106.000 

5.3 

14, .300 

101 

13 

1,342.250 

106. ,500 

5.8 

1.5,. 5.50 

97 

14 

1,449.000 

107.000 

t 6.2 

16,800 

94 


* For weir tables, see p. 787. 


Spillway discharge diagrams indicate: (1) the level to which tlie reservoir 
will fill; and (2) the maximum flood which will pass downstream. The general • 
effect of a reservoir is to flatten th(i peak of a flood hydrograph. Value of 
retarding reservoirs is discussed in Technical Report VII, Miami Conservancy 
District, 1920, which also contains a rigoroys mathematical presentation. 
See also Scheidenhelm in T, A. S, C. E,, Vol. 81, 1917; also E.-N. R., Aug 
9, 1923, p. 235. 

Macy20 proposes the following approximate method of calculation: 

Data needed: (1) hydrograph showing hourly flows of flood studied; (2) 
area of reservoir at elevation of weir crest; (3) weir length. Compute data 
for left-hand curve of Fig. 29 by modified weir formula: Q in billion cu. ft. 
per hr. = 0.000012 Lifl, Then, storage on crest equals II X Area from (2). 
Assumptions for Table 38: (a) Flow for first hour is all stored on spillway crest* 
i.e.y no overflow, so that zeros are entered in columns IV and V for the first 
hour. (6) The head on the crest at the end of each hour determines the flow 
rate for the ensuing hour. Solution may be expressed graphically or in 
tabular form. 





Discharge, C.F.S. 
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T^ble 38. Calculations for Spillway Discharge 
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The flows from the hydrograph (Fig. 27), are recorded in column II^ 
which is integrated to form column III, the mass curve data for the flood 
inflow. Spillway discharge is derived directly from Pig. 29. (It is advisable 
to plot the lower portion of Fig. 29 on a large scale as the quantities are small.) 
It is integrated, giving column V, which is the mass curve of the spillway 
discharge. Column VI is column III less column V. The computation is 
carried on until the maximum value of spillway discharge is obtained. 



Fia. 29. — Spillway discharge and steerage on crest.*® 

Siphon spillways,* patented in the United States by G. F. Stickney,t used 
in Europe since 1870, effectively limit rise of water above dams and provide 
high rates of discharge within a limited space, thereby affording advantages 
over long overflow weirs. The siphon spillway will discharge more water, 
per linear foot of dam, than any form of waste weir, and is especially effective 
where there is necessity for restricting the fluctuation of the water surface 
above the crest of the dam. A single siphon, 5 by 10 ft. in cross-section, put in 
operation by a rise of 1 ft., acting under a head of 16 ft., will discharge as 
much water as a waste weir 280 ft. long with a depth. of 1 ft. Siphons of 
large capacity, with throats extending well above the highest water level, if 
properly designed, will operate when rise is sufficient to produce flow through 
throat from 3 in. to 1 ft. deep, depth depending on size of siphon. The 
fnaximum head that may be utilized for siphonic flow is about 33.9 ft. at sea 
level, and this decreases approximately 1 ft. for each 850 ft. of altitude. The 
outer shell of the siphon must withstand the atmospheric pressure, which, under 
high heads, may amount to 2100 lb. per sq. ft. at the crown, decreasing to 0 at 
inlet and outlet. While desirable to have the greatest practicable head on spill- 
way, siphons function effectively under low heads. A siphon spillway has 
operated satisfactorily for several years under a minimum head of 4 ft, at the 
General Electric Co. plant, Schenectady, N. Y. Tests made to determine tte 
rapidity at the plant of the Tennessee Power Co. on the Ocoee River, T^h., 

85. t9a!. p; lOM. 
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containing eight siphons, 1 by S ft., showed that siphons will flow at full 
capacity in from 3.3 lo 5.5 sec*, after the air vents are sealed, the shortest time 
corresponding to the most rapid rise of the water. 

There are more than 45 siphon sjiillwa^^s in tlie United States; heads range 
from 4 to 33.5 ft.; discharge capacities, from 70 to 20,000 cfs. 22,23 Many 
have been built in Kurope.24 In Lagoliinga dam, 10 siphons with a ca])acity 
of 5250 sec. ft., have given “excellent results for several years. ’’25 

The discharge of a siphon may be ex})ressed by the following formula: 

Q = Cn^/Ygil 



in which: Q = discharge, in cu.ft. per sec.; C = coeffi(‘ient, varying from 0.0 
to 0.8; a == minimum cross-sectional area, in sq. ft.; // = head, in ft. ; gr = 
acceleration of gravity = 32.10. 

The total head a(;ting on a siplionS® is expended in producing velocity of 
flow and in overcoming the resistances due to entry, to conversion, to friction, 
and to bends. This may be expressed by the following formula : 

// = + Ae + K + h, + h 

in which: hv — velocity head; he = entry head; he = conversion head; hj — 
friction head; /i6 = head lost in bends. 

Flashboards* are installed on an overflow dam to prevent waste of water 
by wave action, or to afford temporary storage above crest level. In flood 
See also p. 155. 
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time they are removed. Flashboards are removed by foisting into a car 
running on dashboard standards (Fig. 31), by supporting pins giving way under 
stress of flood conditions, or automatically (see Movable Crests). Las Vegas 
dam, M., was designed with water level at the top of the dam, since the 
reservoir is both fed and drained by conduits, the flow in which can be regu- 
lated. To allow for waves, Metcalf and Eddy provided flashboards 2 ft. 
high, with pins designed to bend under 2 ft. head on the dam crest, in case of a 
cloudburst, or the failure of the diversion conduit. Since the dam is curved, 
failure of the pins might cause arch action in flashboards with butt joints, pre- 
venting removal until their failure under a higher head. To avoid this, every 
50 ft., pins are placed in pairs, which will not fail with adjacent pins. The 
flashboards are provided with lap joints at these points. These double pins 



Fig. 31. — Flashboard standards, Muscoot darn, Croton reservoir, N. Y. 

(Some recent designs as ul Scituate, Providence, and Wanaqiio reservoirs, Newark, are equipped 
with light rails, on which runs a gas-propelled car e<|uipped to raise and transport flashboards. 
See also E. N., Apr. 30, 19 M, p. 9G3.) 


remaining steadfast, buckling of the flashboards results, and the water quickly 
flows off .28 Brittle pins of high-carbon steel were used at Stony River dam®oc 
(U. S. Patent No. 1202228). 

Pm, size, and spacing.^o 

l,259,340d5 ,• 2, 

* S + 3^'- 

X = height of water in ft., above dam crest when pins begin to bend. 

h = height of flashboards, ft. 

I ~ spacing of pins, ft. 

d = diam. of pins, in. 

S = ultimate strength of pins, lb. per sq. in., assumed at 69,500 for Wayne 
iron by the Essex Co., Lawrence, Mass. 

Movable crests fulfill the function of flashboards. Many types are auto^ 
matically movable, to afford a larger waterway for passing floods. Tbeir 
adva^jtage lies in maintenance of nearly constant water level. There are 
innumerable forms of wickets and shutters, mostly patented, many of whijjh 
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are described in ^'lin^rovement of Rivers/’ by Thomas & Watt (John Wiley & 
Sons, Inc.,).* Operation in cold weather is difficult, and provisions for this 
were made at Bassano.26 Another disadvantage is susceptibility to derange- 
ment. Driftwood lodged beneath the horizontal rockers of the revolving 
gates at Austin dam, Tex.,i5^9 and raised the gates from their hinges. 
Stoney sluice gates, used on Assuan, Gatun, and other dams, are counter- 
balanced gates traveling in vertical guides and equipped with roller bearings 
on the ends. At Bassano dam, such gates were counterbalanced to 90 per^ 
cent, of theunimraersed weight the engineers preferred them to Taintor gates 
as more certain in operation. Automatic fiashboards on Tallulah dam are 
each 28 ft. long and 6 ft. high, hinged at the dam crest. They begin to drop 
when water level is 3 in. above normal, and come to rest in a horizontal posi- 
tion, at the level of the dam crest, until raised by the receding flood. Stau- 
werke gates, controlled in the United States by Fargo Eng. Co., operate 

on the walking-beam principle; they are 
said to be sensitive to |-in. rise in water 
level; among installations may be men- 
tioned dams at Nashua, lowa,^* and 
Chippewa, Wis. Gates of structural steel 
mounted in the form of a sector of a circle 
are known as sector gates'. The form 
known Jis the Taintor revolves upward out 
of the waterway, by the aid of counter- 
weights. It is not entirely automatic in 
operation. An automatic type used at 
Sherburne Lakes dam revolves downward 
into' a pit.^* Instead of a sector, a complete cylinder is sometimes employed 
and the structure is known as a roller crest. On the Grand River Project, 
U. S. Reclamation Service, a diversion weir is so equipped, and will pass 50,000 
cfs. without flooding valuable land, less than 1 ft. higher,*® Operation is not 
automatic, 

MINOR STRUCTURES 

Highway and railroad relocations are necessitated wherever existing loca- 
tions are to be flooded. It has been found expedient on some projects to enter 
into a contract with the railroad company to do its own reconstruction. High- 
way relocation and abandonment require many conferences with local authori- 
ties. Economics and local conditions must dictate whether a bridge should be 
used to carry transverse roads across the reservoir, or traffic should be diverted 
to a substituted highway around the reservoir. Piers 221 ft. high were required 
in Dix River reservoir .*i 

Cemeteries occasionally are within the flow line. The bodies must be 
transferred to a new site. Ashokan, Wachusett, and Providence*^ reser- 
voirs necessitated such work. 

Sewers. A reservoir should be located wherever possible so that the 
T>opulatioTi on the tributary watershed is a minimum. Sewers a^e sometimes 
required to serve large populations. Jersey City constructed a trunk.sewer 

. ♦ For Sttekney crest, see E: AT., Feb. 15. 1912, p. 290. 





Fig.’ 32. — Automatic crest raised. 
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13 mi. long to serve an ultimate population of 48,000 oil tLe waterslied above 
Boonton reservoir (see also Chap. 26). * 

Intakes and outlet works* serve to introduce reservoir water into the 
supply conduit, and to restore compensation water to the stream. The con- 
trolling coiiditions for reservoir outlets are the same as for intakes, p. 81, 
involving screens or trash racks and gates. Provision must be made for taking 
off large quantities of water at high velocities. High heads complicate the 
design of sluice gates for low-power operation, f The discs of the outlet valves 
at Terrace reservoir broke twice in 8 yr.®® The high velocitiesf on many 
reclamation projects require the use of cylindrical gates or needle valves. § 
Provision must always be made in the head-works for insertion of enough stop 
planks and stop disks to render possible the replacement of any valve. A 
rolling curtain is used in Lethbridge Northern Irrigation District.®® Any 
valve not replaceable should be of bronze. Valve stems generally are vertical. 
Inclined stems operate 36-in. gates on Conconully dam. For precautions 
regarding outlets through earth embankments, see p. 205 and for durability of 
concrete, see p. 797. For outlet control at Elephant Butte dam, see E. N., 
Nov. 30, 1916, p. 1015. On the Eastern United States projects, the elevation 
of the outlet is fixed by the requirements of gravity flow to the point of delivery, 
but in Western United States and Indian dams, there is the further condition 
that some volume must be allowed below outlet for silt to occupy. In India, 
10 per cent, of volume is allowed for this®i (see also page 106) . In cold climates, 
uninterrupted operation requires heating of the gate-chambers, as was done 
at La I-outre dam, St. Maurice River, Que.®® 

Head works are generally incorporated in the dam, although many earth 
and rockfill dams have isolated towers in the reservoirs. Ice pressure caused 
a completely circumferential horizontal crack in the concrete intake chamber 
of South Fork reservoir, Butte, Mont. Repaired by cement gun.®® 

0^ Shaughnessy (Cal.) Dam. All outlet controls are double, consisting of 
a slide gate operated by hydraulic cylinders which feeds wells or pipeS, from 
which the water is discharged by a balanced needle valve of Johnson type,|l 
with internal screw mechanism for holding the valve absolutely in any inter- 
mediate position, and eliminating possible tendency to ‘^hunt^’ or to close, 
should any unusual pressure conditions arise in. the discharge line. In addi- 
tion, there is a steel shutter which can be lowered down a special slot and 
stopped in front of any slide gate, making every valve readily accessible for 
inspection and repairs. (Information from M. M. O^Shaughnessy.) 

Fences along aqueducts and other waterworks pro|)erties should be sub- 
stantial but not too conspicuous. Woven wire fence with reinforced concrete 
posts on 16-ft. centers proved successful on Catskill works. If Bids received in 
1924 averaged $4 per lin. ft. of fence. Galvanizing should be sp>ecifled, includ- 
ing ounces per unit of surface (see p. 813). Reservoirs should be protected 
against trespassers by “non-climbable” fences. 

* See 1924. Hcpert of Hydraulic Power Committee, N. E. L. A, 

t See “Some Experiences with Large>oapacity Reservoir Outlets,” by J. M. Qaylprd. NrR . 
Nov. 21, 1918, p. 945, also E. N. R. Jan. 17, 1924, p. 127; and “High-pressure Reservoir Outleta.^ 
by Gaylord, U. S. Reclamation Service, 1923. 1924 Report on Control and Outlet Worltt, Hymuuc 
Power Committee, JV. R. L. A. 

I Sixty mi. an hr. (88 ft. per sec.) at Arrowrock is possible, E. R. Sept. 30^ 1916, p. 409' 

fSee p. 45i3. , 

II See Chap. 20, p. 453. 

f See WHttBLBR, B. R* Sept. 18, 1915, p. 361 tor methods. 
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% SILTING OF RESERVOIRS 

Effect. Filling of reservoirs with silt is serious in Southwestern United 
States and in other regions having easily eroded soils. It may limit the reser- 
voir^s period of usefulness. No location should be finally selected until the 
possibility of depositions from soils or mine workings has been investigated. 
The fineness of this silt is such that voids are reduced to 15 per cent. 3b and 
capillarity would probably make effective for yield the equivalent of but 5 
per cent, voids. Silting not only decreases the available capacity but increases 
evaporation because of lessened depth of water. 

Transportation of sediment32 takes pla(!c by dragging along the bottom, or 
by carrying in suspension. The weight of particles which will be moved by 
flowing water is supj)osed to vary as the sixth i)ower of the velocity. 


Table 39. Limiting Bottom Velocity for Stability of Material; Observed by 

Various Engineers 


Material 

A'eloeity, 
ft. prr 

S<'C. 

Material 

\'eloei ty, 
ft. per 
see. 

Soft earth 

0 25 

Sea pel)l)le.s (1.05 in. diain.). . . 

2.20 

Soft elav 

0 50 

Brickbats (4.75 c\i. in.) 

2 .25 to 2.50 

Sand 

1 00 

Slate (9,05 cii. in.) 

2*75 to 3.00 

Gravels 

2 00 

Broken stone 

4 .00 






Table 40. Descent of Fine Materials through Still Water 


Material 

Velocity, 
ft. per see. 

Brick clay, mixed with wat(‘r and allowed to .settle half an hour. . 
Fresh-water sand 

0.(K)<) 

O.Kifi 

0 . l<t() 

1.000 

St'.a-sand ! 

Hounded peb})leH (sizt^ of pt^as) 



Table 41. Velocities Required to Move Solid Particles in Water 



A ppro xi n i a te vel oci ty 

Kind of material 

reciuired on bottom 


l''i. per .sec. 

Mi. per hr. 

Fine clav and silt 

0,2.5 

i . 

Fine sand 

0 50 

4 

Pebbles, 1 in. in dam 

1 .(K) 

i 

Pebbles, 1 in. in diarn 

2.00 

n 


In Eastern United States little silting occurs. No provision is made 
against it in most waterworks. Most municipal reservoirs have considerable 
area and depth below the lowest draft line, so a little silting is not noticed. 
Kensico Lake, N. Y., an 1,800,000,000-gal. reservoir completed in 1884, silted 
about 3 per cent, in 23 years.33 Samples taken from four scattered points, Feb. 
27, 1907, indicated that the deposit above the original bottom averaged 6 in., 
(max, 18 in.) partly of organic growth from the overlying water, but principally 
soil washed in ; analyses showed lo.ss on ignition from 6 to 13 per cent., averag- 















WATERSHED DEVELOPMENT BY RESERVOIRS 107 

ing over 10 per cent 34 Williamsbridge and Jerome P|,rk reservoirs, storing 
water which has already stood in larger reservoirs, show an accretion of i to 
i in. of silt per year. They are concrete lined.3S Beaver Dam Creek, N. C., 
brought down 12,000 cu. yd. of sediment in 1 yr. (by cross-sections taken) 
from a drainage area, bare of forest, and but 14 sq. mi. in extent.36 

Loch Raven reservoir Baltimore, wdth an original capacity of 510 mg., 
was a long, narrow reservoir, extending between two high hills for 4 mi., in 
use from 1881 to 1912, filled with silt to such an extent that it had but little 
larger cross-section than the normal cross-section of the river. By 1900, the 
capacity of the reservoir had been reduced to 78 mg., although dredging had 
been carried on from 1890-1900. A city-owned dredge operated from 1900 to 
1911, increased capacity to 178 mg. Annual silt deposit 1891-1909 averaged 

220.000 cu. yds. The dam was raised 52 ft. in 1923, increasing the capacity to 

23.000 M. g. After operating 18 months, silting was reported ‘'too small to 
be of any moment.” 

In Western United States allowance must be made for siltation loss, 
especially on flashy streams, dry a i)art of the year. Zuni reservoir, N. M.,3c 
lost 47.6 per cent, of capacity in 14 years, so that total life will be about 21 
years. A reservoir near Carlsbad, N. M.,3d lost more than half its capacity in 
15 years. Old Austin reservoir, Colorado lliver, Tex.,* with initial capacity of 
53,490 acre-ft., had lost 02 per cent, in 4 years; flushing by floods improved 
conditions so that loss in 0.75 years was 52 per cent. The new Austin res- 
ervoir silted 84 per cent, in 9 years. J. B. Hawley estimates that in'9 years, 
Lake Worth reservoir lost 10 per cent.39 On basis of silt studies, 'life of Ele- 
l)hant Butte reservoir is forecast as 233 years.^o A safety factor of 60 years 
has been provided. La Grange reservoir, Tuolumne River, Cal, lost 50 per 
cent, capacity in 10 years; deposition represents 0.000007 volume of stream. 
Analyses of the water show that silt equivalent to 0.000043 volume is carried 
by the site. Total silt load is 0,000l\ volume of the stream. 4i Observed 
rate of silting in Sweetwater reservoir. Cal., has been 0.5 per cent, per year for 
the past 20 years.42 Lake (.diabot, Cal., silted 10.5 per cent, in 36 years.43 
Lower Otay reservoir had deposits 5 or 0 ft. deep after 20 years ;44 two 
reservoirs upstream protected this reservoir. 

Prevention of Deposition. Bilt originating from smelter wastes, as at 
Hell Gate dam ,45 are difficult to control. Bilt originating from erosion of 
deforested hillsides might be minimized by reforestation with willows and 
shrubs, or might be kept from reaching the reservoii* by placing simple rock and 
brush retarding dams in tributary gullies, to check velocities.3f Sluices in . 
Assuan, dam pass flood waters at times when silt content is greatest, and 
prolong life of reservoir to this extent. 

Removal of Silt. The following methods have been used: (1) Sluicing 
through a scouring gallery known as a Spanish gate. This method wastes 
great quantities of water, and removes but a small quantity of silt.46 Although 
Austin reservoir was silted 60 per cent, when the dam was washed out, very 
little sediment was removed. High velocities through the sluice gates of Hell 
Gate dam, 45 opened to discharge silt, undermined a timber-crib training wall 
(2) Hydraulic sluicing or suction dredging is suggested by C. S. Jarvis.3g 

• See also p. 168, 
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pump is mounted ’ 6^ a barge in reservoir, as at Baltimore’s new reservoir. 
(3) A drainage tunnel extending up the stream bed, with numerous intakes, 
keeps much silt from reaching downstream end of the reservoir. (4) Reser- 
voir is emptied in winter months for 40 to 60 days, and teams used.^*^ (5) 
Dragline excavators are used at Yuma reservoir, without interfering with 
water storage.^^ (6) Blasting in time of flood has been suggested.®^ 

LEAKAGE* 

Besides danger involved in many cases by percolation beneath dams, loss 
of water from the reservoir is often a serious consideration, and objectionable 
wetness may be caused in places near the reservoir, leading to claims for 
damage. Some sites, otherwise suitable, cannot be used becauvse the pervious- 
ness of the bottom and sides is so great that objectionable seepage would 
ensue. Extreme cases are on record wherein reservoirs constructed on such 
sites have been abandoned, because they could not hold water, without a com- 
plete and prohibitively exjwnsive, watertight lining. A 200 mg. reservoir 
(Blaen-y-Cwm) in Wales, is on the site of an old coal mine.®^ 

Limestone regions arc liable to be honeycombed with caverns, which would 
be dangerous on account of leakage. Geologists approved a Porto Rican 
reservoir on limestone as the heavy clay overlie would clog the pores and cracks 
of the rock, and because the high percentage of run-off indicated little under- 
ground seepage.®® 

Large leakages^® from Cedar River reservoir necessitated extensive work 
to lessen them. A clay and gravel blanket was proposed over 200 acres adja- 
cent to the dam but was never executed. 50 acres of a leaky reservoir in north- 
ern New York were effectively blanketed with concrete 6 in. thick.®® Tumalo 
reservoir due to *4ack of essential preliminary engineering and geological 
studies, ”49 leaked 200 cfs. under 20-ft.r head It is underlain with volcanic tufa 
and lavas, comparatively light in weight and very open-textured. Ground- 
water level. is down 300 to 500 ft., so that leakage out has no resisting head. 
Leakage ulider Horse Springs Coulee dam, Whitestone Irrigation Project, is 
described in E» N. R.y 1925, Aug. 27, p, 361; Dec. 24, p, 1046. 

CLEARING, GRUBWNG, AND STRIPPING RESERVOIRS! 

Clearing consists in removal of perishable matter, generally defined to 
include buildings, or portions thereof of wood, other wooden structures, boards, 
trees, fences, brush, bushes, vines, shrubs, logs, stumps, roots, grass, weeds, 
leaves, sawdust, poles, bridges, rubbish, and other organic matter above the 
surface of the ground, but not sod nor topsoil, although portions of sod and 
soil may be removed incidentally with other materials. Grubbing is removal of 
all roots greater than a specified size, generally 2 in., which are within a 
specified depth, commonly 6 in., below the surface of the ground. SmU 
stripping is shallow excavating of soil containing organic matter, the depth 
being fixed by the permitted percentage of organic content at the new surface. 
Clearing and grubbing were done at Ashokan. Several Massachusetts r^i*- 

* See '^Watershed Leakage in Gravity Water Supplies/*’by Horton, J, N, M, W* W* A., Vol. 33, 
1919, p. 306, 

t w also Chap. 27. 



voirs w^re stripped. Deposits of muck are usually coyefed with a layer of 
inorganic earth. Stripping leaves the banks more vulnerable to wavp action; 
as seen at Wachusett, but, in gravelly or sandy material, stable shores soon 
establish themselves. 

Stumps can be removed: (1) by hand, by 2 men; (2) by burning; (3) by 
cutting off by patented machine 18 in. below ground;®® (4) by blasting; (5) by 
partly excavating in the fall, so that frost action in spring will heave them out; 
(6) by stump pullers; (7) by pulling over a tree or large stump with tackle, 
instead of cutting close and leaving low stump to be removed. Explosives 
should be chosen to produce a slow, heaving action rather than a quick, shat- 
tering action. At Kensico reservoir, stumps were cut off close to ground in 
1911, when clearing was done, and not removed until 1915; on this account 
blasting was preferred to other methods.® ^ Sixty per cent, dynamite was 
generally used. Best results were obtained when the ground was frozen.®* 
Blasting, as a rule, costs more than stump pullers. Pulling was done at Asho- 
kan reservoir by Holt Tractors.52 

On cantonment work (during World War), small automobiles (Fords),®® 
with cleated wheels in rear, and steam rollers, were used. A method of distill- 
ing oils from pine stumps, which destroys the stump far enough below ground 
to permit plowing over, yielded 17 gal. of heavy oil per stump in Mississippi.®^ 

Specifica*tions, Board of Water Supply, New York. Wherever practicable, 
stumps shall be removed by stumi)-ipulling machines or other similar devices. 
As stumps, shall be classified the stumps of all trees of whatsoever size, the 
stumps of all bushes and shrubs, and the stumps of all vines having a woody 
fiber. Within the areas ordered grubbed, the. stones of all stone walls and stone 
fences shall be widely scattered. 

Within the areas ordered to be cleared, all vegetation shall be .cut off. 
Except where a modification is permitted on those areas which are ordered for 
subsequent grubbing, the heights at ^hich vegetation shall be cut above the 
ground are as follows: All trees having a diam. of 12 in. or more, 12 in. from the 
mean surface of the ground, shall be cut off so that the stumps are not more 
than 12 in. above the mean surface of the ground. All smaller trees and large 
bushes shall be cut at a height not exceeding 6 in. above the mean surface of 
the ground. All other vegetation shall be cut close to the ground. All exist- 
ing stumps not cut under this contract, decayed or decaying stumps mentioned 
below, standing more than 6 in. above the heights specified shall be cut to 
heights required for trees. All decayed or decaying stumps, where the decayed 
portion approximates 50 per cent, of the total original crossrsection of the 
stump, shall be broken off and entirely removed. 

Where grubbing is ordered on swamp areas, drainage ditches will be ordered 
if necessary. Such ditches will be paid for. On land which has been culti- 
vated and on which the principal growth of vegetation is grass or weeds, the 
time of clearing may be ordered postponed until immediately prior to flooding. 
All perishable material cut or removed or found on the ground or caused by 
this Work, shall be completely burned, or otherwise satisfactorily disposed bf 
outside of the city land. The masonry portion of any building be thrown 
down and component parts scattered. ' 

♦ See Wachusett results in E. N., Aug. 13, 1914, p, 344l 
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Rcnionng Excr^inentUious Material. Objectional excrementitiouvS mate- 
rial will be ordered removed from privy vaults, barnyards and stables. Such 
material shall be buried* or otherwise satisfactorily disposed of downstream 
from the dam or at other acceptable places outside the watershed. After 
removal of objectionable material, the excavations shall be thoroughly dis- 
infected by application of h 3 i)ochlorite of calcium. All objectionable material 
ordered removed shall be transjx)rted in vehicles having tight bodies which 
will not permit scattering of the contents. 

. The following unusual points are also included in these specifications: The 
entire area reached by the waves is to be cleared. A marginal strip extending 
vertically from 15 ft. below the normal flow-line to 5 ft. above, is to be grubbed 
as well as cleared. f Horizontal areas are used in estimating for payment. 
Much salvable material became the pro]x^rty of the contractor. 

Floating Bottom. Peat bogs and the mat of vegetation in swamps tend 
to float to the surface after being submerged for some time, and often carry 
stumps with them. This has occurred in a number of places. vStumps tend 
to become loosened after long siil)mergence. They have little effect on alga> 
growth; their removal is jaincipally a question of a])pcarance. Floating 
islands have been formed in this w^ay in Goose Creek reservoir, Charleston, 
8. C., for example. Stripping of this site would have been so costly that it was 
decided to let flooding kill the vegetation of the abandoned ric(? fields. In 
the process of deca}', huge masses were torn from the bottom and floated, and 
the marsh grass again thrived. Luxurious growths caught the wind and the 
islands were moved to positions blocking the s})illway, causing minor failure of 
an earth embankment in 1916. These floating islands, 50 acres in extent, also 
interfered with the beneficent influences of sunlight and aeration. In 1921, 
they were removed, and 75 additional acres of bottom were cleared, using 
lighters, at a cost of $54 jxr acre. There resulted ^^a marked increase in 
dissolved oxygen and a corresponding' decrease in carbonic acid content, 
Vegetable growths reduced area of Krian Irrigation reservoir 20 per (!ent. in 

ll*ycars.®7 

FORESTRY AND GRASSINGJ 

Reforestation of Reservoir Margins. Tracts around largo reservoirs, if 
left to Nature, are of no economic value, and, if not properly controlled, will 
become detrimental to the quality of water. Such tracts cannot be put under 
cultivation or used for grazing because the manurial conditions would be 
objectionable. Forestation of marginal lands protects the water by retarding 
run-off and decreasing turbidity, prevents wash-outs and silting, hinders free 
access of trespassers to streams and reservoirs, and supplies marketable 
timber. Forests guard against floods, winds, snow slides, and erosion, and 
have great influence over the temperature of the surrounding country. Leaves 
contain 50 to 75 per cent, moisture. More heat is required to raise the tem- 
perature of a pound of water than almost any other substance; hence, leaves 

* Schoharie reservoir specifications require burning. 

t Schoharie specifications: Areas above contour elevation 1050 (flow line at elevation 1135), 
where slopes are generally 1 on 4 or steeper, and also some excessively steep slopes above elevation 
1135 are to be grubbed as well as cleared. 

X See also, Reforestation of Watersheds for Domestic Supplies,” by F. W. Kane, Mass. State 
Forester; ** Practical Forestry for Water Works, ” by E. S. Bryant, J. N, ]E. W, W. A., 1911; and 
COLLXKGWOOP in Am. City, February, 1924, p. 147. 
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absorb more heat than bare rocks or soil. Leaves alsc^tend to keep the air 
cool by transpiration.* Forests have high influence on evaporation. Dr. 
Ebermayer, German forest meteorologist, showed that evaporation from forest 
soil without a layer of mold (humus) was 47 per cent, of that from soil in the 
open, while with a layer of good mold, it was 22 per cent. When rain falls 
upon a dense forest, from less than 0.1 to 0.25 of it is caught by the trees, the 
greater part of this being evaporated therefrom . 

Selection of Trees, f Conifers provide the best cover for watershed areas. 
An evergreen forest presents a pleasing picture at all seasons; its mat of needles 
keeps frost out of the ground and permits penetration of rain or melting snow. 
At margins of reservoirs, also, conifers are preferred, as they shed no large 
leav(\s to clog outlet screens. Arbor vitae or white c(^dars arc good. Trees 
best adapted for forestation in Northern and East(irn United States are red 
and Scotch pine, European larch, Norway spruce, (Colorado blue spruce, 
hemlock, red oak, and sugar maple. 

White pinet has always bc^en a favorite, as it is easy to grow and has a good 
market value. In common with other five-leaved pines, § however, it is liable 
to “blister rust^’ to whi(jh the currant bush acts as host; some states now 
])rohibit its i)ropagation in designated fruiting currant districts. White 
pine grows faster than red pine, but the latter is recommended by Ilawley®^ 
for watcirsheds because of freedom from insect attacks. 

Best trees for ornamental planting are: for avenues — Norway maple, 
pin oak, English linden, oriental plane, elm, and sugar maple; for screens — 
white pine, Norway i)ine, Scotch pine, Austrian pine, hemlock, white spruce, 
Norway spruce, Douglas spruce, North Carolina poplar, Lombardy poplar, 
willow and white birch; for settings for buildings — red cedar, hemlock, 
Lombardy poplar, Norway springe, white spruce, larch, beech, oak, tulip and 
maple. For park purposes — various shade trees should be used and evergreens 
named above. For shrubs, preference Should be given to those having berries, 
colored barks, and fine folijige rather than floral display, although beautiful 
flowers when combined with other good qualiticis are desirable. 

Field Work. When buying trees and seeds, American species should 
always be given preference, as foreign stock has brought diseases and insects 
of. most damaging kinds. The long duration of travel is hard on the stock. 
The most durable kinds of wild stock to transplant are white and red pine, 
spruce, hemlock, balsam, oaks, hickory, maple, and basswood. Transplanting 
of conifers should begin as soon as frost is ouUbf the ground, and may continue 
until the buds begin to swell. Conifers should not be more than 2 years old 
for economical handling, as they have long, straggling roots. Seed beds should 
be enriched by good fertilizer, well-rotted barn manure being the best. Com- 
post heaps of manure and earth should be made each year, which will rot, with- 
out leaching, 3 years before using. The addition of unleached hardwood 
ashes is always valuable. Conifers on reservoir margins should be spaced 
6 ft. apart each way, requiring 1250 per acre. Fire guards (unplanted strips) 

, * Defined on p. 36, 

t Sec ‘‘Reforesting Water Supply Land on Catakill System/* F. F. Moore, E. N.R , Julv 12 1Q17 
p. ,59. 

X P. Strobua. 

§ Five-leaved pines include: P. Strobus, P. excelaa (Bhotan pine), P. Lambertiana (suear 6r 
giant pine), P. Cembra, and P. occidentalis. 
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should be. at least" 30 ft. wide. Deciduous trees should be planted 50 ft. 
back of the conifers^ desired for landscape effects. Seedlings are planted 
in seed beds, about three seeds to the sq. in. At the end of 1 year, 
transplanting takes place. Seedlings remain 2 years in the transplant 
bed, then they are ready to set out; 30,000 seeds planted in a nursery should 
produce 10,000 trees. At Wachusett reservoir, the average cost of planting 3 
year old white pine was $5.25 per 1000 trees. At Kensico reservoir, the cost 
ranged from $30 to $60; at Glens Falls,®® $2.50 to $8.00. In many states, 
the departments of forestry maintain nurseries where stock can be purchased 
at cost. 

Economics of Forestry. Pine trees 50 years old will be at least 14 in. in 
diam. and 60 ft. high. It is profitable.to cut trees at 40 years, but the value of 
the increment makes it worth while to wait. At 50 years, white pine, will 
have a value of 46 M ft. BM. per acre. If the stuinpage value be taken nom- 
inally at $20 per M, the value per acre would be $020. A planted forest 
needs to be thinned at 15 and 30 years. 

Grassing is essential in some situations to prevent sloughing of fine soils 
on side hills. Waves may attack such hillsides (see p. 199). Hillsides of 
reservoir on North Canadian River, Okla., were attacked by waves*, at the 
first filling, and water level had to be lowered and gunite slabs put in for 
protection.®® * 

Grassing Cuts. For grassing cuts and fills along highways, etc., use sand 
clover as well as white clover in sandy places. Honeysuckle, ivy, and some 
other vines for slopes, recjuire le.ss care than grass, and permit less growth of 
weeds. 

Grassing Embankments. For binding embankments, where firm turf is 
required, couch or witch grass is adapted to Northern and Middle States; 
there are a number of forms, all good hay grasses, objectionable in fallow lands 
owing to rootstocks. Couch grass ma^kes very tough sod, especially valuable 
in binding canal banks. Hungarian brome forms a good turf, but the creeping 
rhizomes (rootstocks) are not as strong as in couch grass. In Southern States, 
Johnson or finer Bermuda grasses succeed better than couch grass. Johnson 
^ss produces a mass of widely creeping, strong rhizomes, which are hard to 
eradicate after they have once filled the ground. Bermuda grass does not * 
penetrate as deeply as Johnson; in sandy soils it succeeds better, is of great |r 
value as binder on sandy levees, and one of best pasture grasses of the South. 

If land is moist and soil clayey,' knot grass may be substituted for Bermuda. 

It is not injured by moderate submersion; it is useful as covering for silty 
deposits on banks. The best method of starting a growth is transplanting 
rootstocks. The following specification is from John H. Gregory: Surface 
shall be carefully prepared and raked over, then use at least 50 lb. of grass 
seed per acre, mixture consisting of 4 parts of beach grass, 4 parts of Hun- 
garian brome, 4 parts of orchard grass, and 1 pari of white clover, together 
with not less than 400 lb. of raw-bone fertilizer per acre; roll well. Embank- 
ments may often be protected by sodding a portion of the area. A levee 
specification reads: Entire surface shall be planted with living sods of Bermuda : 

♦ See also “A Phenomenal Land Sli^e,” by D. D. Clarke, T, A. S. C. E„ VoL 53, 
and Vol. 82, 1918, p. 767. 
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grass not less than 4 in. sq., placed not more than 2 ft. a|>art. Sods shaU^ to 
covered with 1 or 2 in. of earth, as directed.®® 

Miami Conservancy District * On slopes of dams,, which consist mostly of 
gravel, experiments were made with many varieties of vegetation ; brome 
grass, timothy, red top, Canada blue grass, Kentucky blue grass, sweet clover, 
Japan clover, wild bunch grass and others, planted in various combinations 
with or , without nurse crops and at different seasons. There were also plant- 
ings of honeysuckle vines, roses, horse tail ferns, Boston ivy, sumach and 
St. John^s wort.. Up to the present time, sweet cloverf and alfalfa have 
prdved to be the best cover for the gravel slopes that can be obtained quickly. 
Honeysuckle has done very well where planted with a shovelful of topsoil to 
each plant, but has not yet made a dense cover such as is required to prevent 
erosion entirely. All of the- dams now (December, 1925), have a fairly good 
stand of sweet clover with a mixture of alfalfa, timothy, and other grasses in 
various proportions. It is believed that in the course of a few years the soil 
will be enriched sufficiently so that a sod may be obtained. Based on results 
from experimental plots, seedings in 1926 will be a mixture of brome grass, 
fefecue grasses and alfalfa, with the possible addition of some blue grass. 

Matrimony vine^^ ^ . {lycium vulgare) has been successfully used for bank 
protection along the Susquehanna River at Harrisburg, Pa., and also in pro- 
tecting the slbpes of the Wildwood reservoir embankment, near Harrisburg. 
The shoots of this vine are planted, and the vine grows along the ground send- 
ing out roots, which enter the ground for some depth and then start other* 
shoots. The vine, which was brought from the Mediterranean, is very hardy. 
In a few seasons, the bank presents the appearance of a continuous tangle of 
vines, and the topsoil becomes a tangle of roots. Banks thus protected have 
successfully withstood occasional wave and stream action, but, of course, could 
not be depended on to resist continuous wave action. 

Catskill Waterworks. On portions 'of Catskill aqueduct embankments 
and slopes of cuts, and on earth dikes, the following grass seed mixtures were 
used: 

For tunnel 'portal cuts and adjacent embankments: 25 lb. red top; 5 lb. 
Rhode Island bent; 5 lb. Kentucky blue; and 17 lb. of timothy per acre. 

For rock debris emhankinents ^ Qoiiiammg much fine, material, and for 
borrow pits or spoil banks, 20 lb. per acre, 10 lb. each of trifolium incarnatum 
(crimson clover), and Bokhara clover (sweet clover). 

For top soil, 69 lb. per acre: 12 lb. agrostis sfblonifera (creeping bent) ; 9 lb. 
agrostis vulgaris (red top) ; 3 lb. bromus pratensis (meadow brome grass) ; 
10 lb. festula ovina (sheep^s fescue); 15 lb. lolium perenne (perennial rye 
grass) ; 5 lb. trifolium repenst (white clover) ; 10 lb. avena elatior (tall rye oat 
grass) ; 5 lb. trifolium incarnatum (crimson clover). 

For da'yey embafik'ments, use 65 lb. per acre: 8 lb. agrostis stolonifera (creep- 
ing bent); 8 lb. agrostis vulgaris (red top); 4 lb. anthyllis vulneraria (kidney 
vetch sand clover); 11 lb. avena elatior (tall meadow oat grass) ; 8 lb. fetuoea 
l^urinsula (hardy fescue); 11 lb. poa compressa (Canadian blue grass); 8 lb. 
poa pratensis (Kentucky blue grass); 2 lb. trifolium repena (white clover); 
6 lb. trifolium incarnatum (crimson clover). 

report of Miami tests on growing vegetaUon on gravel dams, E. N. E.t July 1Q26, p. 56 
t A biennial, dying at end of second summer. " ; w * 
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For sandy dry pankSf 60 lb. per acre: 10 lb. creeping bent; 4 lb. kidney 
vetch; 10 lb. tall meadow oat grass; 10 lb. smooth brome grass; 13 lb. sheep^s 
fescue; 13 lb. creeping* fescue. 

To the above, 10 lb. of oats were added for spring seeding; 10 lb. of rye for 
fall. The seed expert at Vaughan’s Seed Store, New York City, recommended 
(summer of 1912) for ordinary sowing, at 35 lb. per acre, the following mixture: 


25 lb. Italian rye grass (Loliuni italicum) at $0,085 $2. 13 

12 lb. timothy (phloum pratense) 0.20 2«40 

45 lb. red top, unhulled (Agrostis vulgaris) 0.12 5.40 

15 11). Canada blue (poa compressa) 0.19 2.85 

10 lb. cre^eping bent (Agrostis stolon ifera) 0.25 2.50 

3 lb. white clover 0.40 1.20 

110 lb. total $16.48 


All seed must be fresh and good. Oo])s of some years of a given variety are 
not so good as others. T(\st seeds by for(*(‘d germination of sami)les in moist 
sand. Usually it is prudent to select varieties of seeds commonly sold; they 
are more likely to be fresh. It is much more diftinilt to start a good growth on 
an embankment with the usual stee]) s1o]k\s, because tlie fresh surface is eroded 
by rains, and moisture rapidly drains away; to counteract this, tops of (/atskill 
aqueduct embankments were dished slightly in some i>laces; })ut if the top 
edges of the embankments were made so high that the to]) did not become l(‘.vel 
and the character of the earth was such as to retain water, the standing water 
injured the gras.s. 

Examination of the grass growing on embankments led to the suggestion of 
a simpler mixture, containing two-thirds red top seed, and one-third |K;rennial 
rye grass, with a small addition of "white v^lover. Red top of good vitality 
should give satisfactory germination in soils ranging from moist, rich loam to 
relatively dry cla 3 ^ For places without topsoil, red and I Bokhara clover 
may succeed; the function of the red clover (which winter kills), is to 
grow up and form a root substance, w’hich may serve as food for the second 
season’s growth of Bokhara. Sow in late March or early April, at the rate 
of 10 to 15 lb. per acre. 

Prof. E. G. Montgomeryy New York State College of Agriculture, Cornell 
University, recommends: (a) lor topsoil of fair quality, 4 or 5 in. thick, red top 
(hulled) 8 lb. per acre; Canada blue grass, 15 lb. per acre; Kentucky blue, 15 lb. 
(5) For fairly good topsoil, but liable to wash, add 10 lb. of annual Italian 
rye grass, which persists 2 years, forming a sod. (c) For very thin topsoil, 
sow quack grass, but only as a last resort, as it has no value for hay, and is a 
menace to neighboring hay crops. Alfalfa is not likely to prove of value as it 
is expensive to seed, does not form good sod quickly, and dies out unless cut 
regularly. 

Relation of Water-table to Vegetation. Investigations have shown thal 
when the ground-water surface is 5 ft. or more below the surface of coarse 
soils, no moisture reaches the surface or the roots of vegetation through 
capillary attraction. 
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MASONRY DAMS 

Tjrpes of Dams and Adaptability. Large dams are generally built of earth, 
rock fill, or masonry, including reinforced concrete. Choice depends on 
character of site, availability of materials, cost, life required of the dam, and on 
degree of security desired. Selection is also influenced by the requirement for 
overflow, rock fill and earth obviously being unsuitable. Earth dams (Chap. 
9), are cheapt^r than gravity masonry dams where imper\dous earthy mate- 
rials are available (Cf. p. 193). Rock-fill dams (Chap. 8) are used where 
suitable earth is not available, and costs of materials imported for a masonry 
dam would be exorbitant. Timber dams are employed only for camps or 
small works; see Fortier: “Timber Dams,^’ Bull, 249, Office of Experiment 
Stations, 1912. 

Types of Masorify Dams. Mason rj^ dams may be built of lai^ stone, Cyclo- 
pean concrete, concrete, or reinforced concrete. Although gravity is an 
important factor in the stability of most dams, usage limits the term to solid 
dams which resi.st displacement by virtue of great weight. Where topography 
permits a separate spillway, a gravity dam is designed of the non-overflow type, 
representative sections for which are shown on p. 175 to 187. If the dam is to 
take overflow, various hydraulic conditions are to be met (p. 146). Arch 
dams (p. 135), resist displacement by utilizing the hillsides as abutments. 
Gravity dams are often curved in plan to secure additional stability* or to fit 
the rock foundation. Hollow dams resist displacement by their weight, 
combined with that of the water on the inclined upstream face. The flat-slab 
type (Ambursen) employs slabs supported on buttresses, while the multiple- 
arch dam has inclined arches sprung between buttresses, the buttress reaction 
in both types being downward and forward. 

Composite dams are often the most economical. Olive Bridge dam (Asho- 
kan) consists of a non-overflow gravity section, flanked by earth embankments 
containing pore-walls. Tlie East Canyon Creek dam consists of an arch in 
the valley flanked on one side by a hollow-deck dam, and on the other, by 
a gravity dam of non-ovefflow type.' The Boonton dam is a gravity dam, 
which for part of its length acts as a spillway. The Bassano dam is earth, 
with an Ambursen-type spillway .®2 

Choice of masonry types requires careful weighing of many factors, involving 
both economics and public opinion. .The public still looks upon the solid 
gravity type as the safest for’ very high and long dams. Good,vimpervious 
foundations are indispensable to solid gravity dams; the only exceptions are 
low barrages on porous foundations (see p. 149) whi^h are a distinct type. 
They are overflow and diversion weirs; their height seldom exceeds 20 ft. 
Hollow dams (see p. 141) may also be used with discretion on porous/^d^ 

♦ Thia claim is refuted in slightly arched damSt by Jakobsen, JS. N. B. Itine 12, 4SS4i p. 

. . 116, , 
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dations^ Jorgensen** points out that for **reservoir-f^U^' conditions, ^ 
material in a gravity dam is worked only to about 50 per cent, effieiency, as 
compared to a hollow dam. Choice between curved and straight plans 
depends chiefly upon the character of the site; a narrow gorge with abrupt 
rock sides naturally suggests an arched dam, but on many sites an arch-shaped 
dam not only would possess no structural advantages, but would cost more and 
in some cases might be less secure because not fitting the foundations so well. 
See p. 126 for treatment of foundations and prevention of flow beneath 
dams. For merits of other types see: earth dams, p. 193; rock-fill, p. 189; 
archj.p. 135; multiple-arch, p. 142; flat slab, p. 146. 

Fdlure of darns'^ is an important consideration to the public, and is the 
argument that often defeats an engineering proposition near a populous region. 
Many failures may be laid to inadequate outlay for engineering advice and for 
preliminary investigations, including the geology, and materials available. , 
Many well-designed structures have been built without engineering supervi- 
sioh due to tbe owner^s false economy in dispensing with engineering advice too 
soon. A few dams built under engineering supervision have failed dis- 
astrously, notably Bouzey dam in France (see also p. 119). 

Ice thrust is a force to be considered. It has often wrought injury.to dams, 
of both solid and hollow types. 



Fia. 33. — Damage by ice Iso dam at Minneapolis. 

At WaldroHy 111., a. new dam was built, about 50 ft. below an old one, the 
old dam not being disturbed. Much trouble has been experienced on the old 
dam from ice thrust, but after building the new dam, the water passing over 
the old dam set up siich a current that no ice could form between them. 
This indicates a way to prevent ice from injuring a dam. 

At Minneapolis, the minimum temperature Feb. 4 to 15 inclusive, 1899, 
during injury to a dam, was: Feb. 4, — 14°F.; Feb. 5, — 15°F; Feb. 6, — 14°F.; 
Feb. 7, -IT^^F.; Feb. 8, -29.5®F; Feb. 9, -33.5’’F.; Feb. 10, ~22.5*’F.; 
Feb. 11, -3rF.; Feb. 12, -20°F.;Feb. 13, -S'^F.; Feb. 14, + 12®F.; Feb. 15, 

17®F. The damage was noted on the fifteenth. Joints were not continu- 
ous from back to front at the plane of fracture. This dam was* about 18 ft. 
high at the break and the lower 4 or 5 ft. were not displaced. The dam 
failed by being weakened along plane ac and by combination of sliding and 
revolving about point c. The unmoved, stepped part extended 200 ft., entire 
length of opening. The lowest course rested on ledge; dowel pins wer^ 
freely used; laid in Portland cement. Firm, hard, clear ice, little snowT* 
on surface, free from cracks. The resident engineer thought failure 

♦ Sw “Record of 100 PailureB,” by Jorgensen, /. Electricity, Max. 15, and Al?r. 
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due to expansion o^ the ice, but rather to the depressed surface becoming level, 
as the water rose in the pond on Sundays, the action being on the toggle joint 
principle. Large temperature changes recorded, however, cannot be wholly 
disregarded. This dam was used only as an impounding dam, not an overfall 
dam; there was always 7 to 8 ft. of water on the downstream side.® 

Magnitude of Ice Thrust, Ice has about eight times as great capability for 
thermal expansion as steel. This causes the ice to travel up shores of ponds, 
and to exert tremendous pressures if confined. Pressure of an ice field is 
augmented by wind influence and by cakes of ice held by the spillway piers. 
Ice may expand 0.00025 to 0.00006 ft. per lin. ft. of reach. The modulus of 
elasticity is 180,000 to 360,000 lb. per scp in. The force considered is the 
ultimate crushing strength of a field of maximum thickness, placed by various 
authorities at 12 to 25 tons per sq. ft. Ice thicknesses are recorded in Monthly 
Weather Review. Values for ice thrust used in design is a matter of judgment 
(see Table 50). Ice pressure is assumed applied at spillway level; the 
maximum effect on designs occurs in low dams, and the upper portions of 
high dams. Ignore ice pressure where tlie mean January temperature is 
above 40°F. None was considered in designing Boon ton or New Croton 
dams; 17 tons per lin. ft. was used at Columbus,* and 23.5 at Wachusett, 
Ashokan, and Kensico. For Cross Iliver dam, 12 tons was used, while the 
same designer adopted 15 tons for Croton Falls dam on account of the configu- 
ration of the reservoir, which made larger thrusts probable, and the larger 
C|uantity of water impounded. A thrust of 25 tons was used for La Loutre 
dam, St. Maurice River, Que.® 

SOLID GRAVITY DAMSf 

Requisites. First is ami)le strength; second, materials should be arranged 
to furnish this strength with minimum cost. Requisite strength, or margin 
of safety, and permissible cost wall Vaiy wadeh% from the principal dam of a 
great reservoir for a metropolitan water supf)ly; situated uj)stream from popu- 
lous and expensive territory,! to an unimportant pow^r darn in the wilderness 
It must be borne in mind that worst conditions — conditions wdiich are possible 
and for which a designer should provide — may not occur for a great many 
years. That a structure has stood a number of years does not necessarily 
prove that it. is permanently secure. 

For conservative practice: (1) Explore very thorouglily all subsurface 
conditions by test pits and borings, under guidance of a geologist. § (2) 

Provide for upward hydrostatic pressure, ignoring the possibility that such 
pressure may be avoided or reduced by cut-off, coating upstream face, grouting 
seams, or other means (applies especially to a site where the rock has horizontal 
seams). (3) Assume that a few. feet of thickness of the downstream face of 
the dam will be ineffective, in some climates, to resist compressive stresses 
in cold weather. (4) Make due allowance. for ice pressures in cold climates. 
(5) In computations, make conservative assumption as to unit weight of the 

♦O’Shaughnessy dam. 

t For genfiral liat of symbols, see p. 128, 

t For architectural treatment, see Flinn, E. N., Sept. 2, 1915, p. 433. 

§ Consult "The Principles of Engineering Geology," by Herbert Lapworth, Proc. JhiH. C. E., 
Vol. 173, 1908, p, 298; "Engineering Geology of the Catskill Water Simply," by C. P. Berjtey and 
.T. F. Sanborn, T, A. S. C, E., Vol. 86^ 1923, p. 1; and "Investigations for Dam and Reservoir Founda- 
tions," E. N. ft.. .Tune 29, 1916, p. 1229. 
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masonry. (6) Provide for vacuum under the overfalling wrffcer sheet in over- 
flow dams. (7) Carry foundations deep enough to insure stability. (8) If 
the d^m is critically located in respect to a community, allow an ample factor 
of safety. (9) Wind pressure is neglected.* 

Upward Water Pressure. Few masonry dams are free of seepage on the 
downstream face, particularly where one day’s work joins another.f This 
would indicate that water exists under pressure in the interior of the mass 
at the joints, where it makes less effective the frictional resistance of the joints, 
and promotes sliding. Failure of the dam at Austin, Tex., is charged to the 
action of uplift. Although high masonry damsj on good foundations designed 
with lio consideration of uplift have stood for years, the best practice requires 
recognition of this force, since no foundation can be guaranteed impervious, 
nor masonry absolutely tight. 

The usual method is to assume a value for uplift. A common assumption 
is ‘that two-third full head operates at the heel, and zero at the toe, the result- 

1 2H 

ant pressure being applied at the third point. The total force = ^ ^ “3 ~ 

jj 

. This assumption was made for Wachusett, Hoonton, Cross River, Croton 

Falls, Hinckley, Ashokan, Kensico, Loch Raven (Baltimore) dams, and studies 
by North Jqj'sey District Water Supply Commission. San Mateo^a and 
Marklissa® dams were designed for full head acting on whole joint. The 
uneconomy of present practice is pointed out by Jorgensen ;2a the more material 
added to offset uplift, the greater is the area offered to upward pressure; he 
would secure additional stability by buttresses. On Gileppe, uplift was . 
allowed for by considering the specific gra\dty of the masonry as 1.3 instead 
of 2.3. William Cain recommends that amount of uplift be increased in this 
order: for foundations of granite, sandstone, stratified rock with horizontal 
seams, earth, and gravel.^b 

Minimizing of uplift^^ can be effected by: (a) denser concrete near the 
water face; (/>) gunite on the water face; (c) deep cut-off wall at the heel; (d) 
grouting foundations (see p. 126); (e) drainage system ; (/) treating reservoir 
bottom immediately upstream; (g) bank of impervious earth against upstream 
face for part of height. Several of these methods were utilized at Elephant 
Butte and Arrowrock dams by II. S. Reclamation Service, and no allowance 
for uplift was made. Additional means of reducing uplift on low overflow 
dams are a rear apron and cut-off walls (see p.^153). 

Upatream Face Made Dernier. At Elephant Butte® dam a 1-in. coat of 
mortar (1:2 mix), in four layers of i-in. each,® was applied by cement gun on a 
raft as the water rose. Gunite has been applied to multiple-arch dams 
also. On Don Pedro dam, below elevation —168 (Top. = elevation 0) 
hearting was of 1 part cement, 2J parts sand, 6 parts gravel (J to 2\ in.) 
and 3 parts cobbles (2f to 14 in.). The outer 3 ft. on the water face and 
outer 5 ft. on downstream face were of 1:2:6§ mix, poured without separate 
forms ahead of the hearting, so that there was blending in the contact.*® 

Drainage wellsj provided in many dams since 1900, not only reduce uplift, 
but also intercept percolation which might otherwise disfigure the down^ 

♦For reasons, see first edition of Waterworks Handbook, p. 119. 

+ See also Temperature effects, p. 122. 

t Uplift was neglected in the recent La Loutre dam in the Canadian wilds; boring exploration 
iddicated solid rock.® See also Table ,50. 

§ Coarse aggregate was made up of 4 parts gravel to 2i in.) and 2 parts cobbles (2 1 to 14 in.). 
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stream face, Draii^age* wells are less effective in winter, and below the 
ground-water level of the downstream fill. J. W. Ledoux^c prefers drainage 
provisions to use of excess masonry to resist assumed upward pressures. 
Drainage channels may defeat. their purpose by facilitating percolation, or 
becoming clogged. 

Effect on Designs. Eight cases may be assumed: (a) no upward pressure, i.e., 
masonry and underlying rock impermeable; (b) upward pressure = h at heel, 
zero at toe, and varying uniformly between, uniformly distributed, and exerted 
upon one-third area of joint; (c) same as. (b) but exerted upon two-thirds area of 
joint; (d) same as (h) but exerted upon full area of joint; (e) uniform upward pres- 
sure = h exerted upon full area of joint;, (f) upward pressure — h at heel, h' at 
toe (backwater, or assumed ground-water level is h' above joint), varies uni- 
formly between, is uniformly distributed, and exerted upon oAe-third area of 
joint; (g) same as (/) but exerted upon two-thirds area of joint; (j) same as (/) but 
exerted upon full area of joint. Computations in Table 42, shown in columns o 
to J, correspond to cases a to j, respectively. When u is less than Z -5- 3, upstreAm 
part of the joint for length = Z ~ 3a, being in tension, according to the trape- 
zoidal law, is supposed to be open, and so to be 8ul>jected to full reservoir pressure 
for the upper half of Table 42, but, in the lower half, the joint is supposed not to 
open under tension. Tlie latter assumption is made to avoid complication intro- 
duced by considering I — 3 m to be under full head, so that the effect of a given 
upward water pressure exerted upon increasing proportions of area 6f joint may be, 
more clearly seen. 


M ax. Pond Surface Recorded ' 
Pond Surface a flow Wafer 


TYPICAL'CURVES 
“SHOWING UPLIFT ' 
PRESSURE HEAD 
■■■ MEASURED AT 
SHERMAN tSLAND DAM 


\5affd Blankef 


Wmox. Up! Iff Pressure 
Head Recorded- 1 


Wff Prpssurt 

C T 


■ High Tail — 
Wafer 


'fMbsfreaPh 

V'ASheefPilir7i 


rMiddlePfpe- 


T fW^^sfreahr/^pe 

, 50 15 "Hoo rfe iw 

Dis+oincc in Feet from Upstream Face 
' Fig. 34.«* 
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Tests of uplift made in Germany' ' indicate distribution of pressure usually 
assumed is not true in that pressures at the toe may be as high as 50 per cent, 
of the head. Duryea^®® measured uplift at Boquilla dam, Mexico, on a 
grouted limestone foundation as J-head at heel and zero at toe. Test pipes 
for observation have been installed in recent dams, notably Brule River, 
Wis.,'2 and Oester dam, Westphalia."* 

Upward Pressures Measured on Brule Dam, This dam'* is about 70 ft. 
high above the bottom of the cut-off trench and will impound 60 ft. of water. 
Underdrainage consists of 12-in. longitudinal drain, with 12-in. lateral drains 
at right angles, 20 ft. on centers. The foundation rock was a schist inters 
♦ See also Colmon, T. A. 8. C. M., Vol. 80. 1916, p. 421. . ^ 
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sected by many minute cracks. No grouting wAs done.g About half of iibe 
length of the dam is gravity section and the remainder power-house section. 
A row of 1-in. pipes to record height of water was installed in the gravity 
section at distances from back of the dam of 1 ft. 6 in., 7 ft. 6 in., and 10 ft. 
6 in., respectively. The latter two were dry whereas the first one recorded a 
head averaging 60 per cent, of the reservoir head. In the power-house section, 
four pipes were installed between the scroU cases. One was 18 in. from the . 
water face, a second about 18 ft. downstream, and two others in the piers 
supporting the superstructure. The two last recorded no head, while the 
first recorded 47.5 per cent, of the reservoir head, and the second, 30 per 
cent. (Information from D. W. Mead, Consulting Engineer.) 

Table 42. Effect of Upward Water Pressure, As Shown by Change in Position 
of Resultant Reaction, and Variation in Its Intensity at Toe of Joint 



1 

i/3 

u 


12.0 

12.2 

78.4 

132*5 

26.1 

44.2 

33.3 

56.1 


49.9 

59 . 1 



Same, assuming joint does not open with tension at lioel when u <l/S 



36,0 12.0 12.2 5.3 11.3 5.4 10.2 

78.4 26.1 33.3 7.4 30.9 7.4 27.9 

132.5 44.2 56.1 11.8 

149.7 49.9 59.1 16.4 


7.4 24.1 


Same, assuming joint does not open with tension at heel when u<l/S 






i 






46.7 

♦ 

49.1 

■fO.7 

11.3 

■fl.4 

15.1 

e 

39.1 

♦ 

40.2 

-fl.l 
. 11.4 
+2.0 
15.6 


♦ Only quantities marked * are changed if joint does not open. Upper figurea in 'V** ‘ 

under **/,** “J.’* show correction for neglecting proportion of pressure at toe direoiiy 

coisnteraoted by back-water pressure. A trial profile for Wachusett dam (see fpr 

nboire computation. Ice thrust (horisonal) 47,000 lb. Backwater level, frdin A' Is nioaitg^. 
liS ft. below top. Water level and ice 15 ft. below top. List of symbols, p. 1^. ; v ^ 

'From 'top to joint. 
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, Earth pressurei^ on the heel only are considered in designing. These may 
result from backfilling, grading, or silting of the reservoir (Chap. 6) and 
should not be neglected (see Fig. 35 for an illustrative diagram of pressures). 
This detail should receive consideration if any relatively large depth of 
earth is to be refilled or embanked against the upstream face of a masonry 
dam, as is not uncommon, particularly with non-overflow dams. If earth be 
selected and thoroughly compacted in thin layers, tight against the dam, the 
pressure may be less than the fluid pressure of saturated earth. Cain figures 
pressure from submerged fills^b as that of liquid mud, exerting the i)ressureof a 
fluid weighing 62.5 lb. per cu. ft. 

Earth filling on toe may be saturated by high ground water and will cause 
appreciable loads in deep foundations. An advantage of an earth fill over the 
toe is the diminution of the effects of temperature. As the lower part of a 
dam carries the higher unit compressive stresses, the earth covering may be a 
distinct safety factor in high dams. Some engineers liavc advocated covering 
a large portion of the downstream face of a dam in this way, where conditions 
are suitable. Incidcntalh^ the covered ])ortions of the masonry, of whatever 
kind, need no finish, and so a small saving can be effected. 

Temperature Effects and Cracks, l^'ew masonry dams have no cracks 
apparent on the downstream face. Some close up aftt^r the first winter, 
probably due to the efflorescence of magnesia or lime from the cement. A 
leak on Crystal Springs dam became a mere ‘*woep” overgrown with algae."^*^ 
The greatest difl^culty in the construction of dams is to make the structure 

watertight (Jorgensen). 2c 

Setting concrete rises in temperature due to chemical reactions and, if placed 
in summer, may reach 100°F. (Paul and Mayhew.y^^a The maximum is 
reached in 30 days and maintained for several months.^^b Hardening and 
heating being contemporaneous, ‘‘the mass assumes its final form when at the 
highest temix^rature. Consequently there is no compressive stress in the 
masonry to be relieved by the subsequent cooling, the entire* range in temper- 
ature between 100®F. and the lowest temperature to which the masonry cools, 
being converted into tensile stress” (A. J. Wiley). 

Cracks result in an un reinforced concrete mass as soon as cold weather 
ensues. Although such cracks have never been known to cause the failure of 
a dam built of good concrete or other masonry, they undoubtedly weaken a 
dam in three respects: {a) water seeinng through exerts uplift pressures 
which lessen the stability; \h) stabilizing value of the outer masonry is 
lessened by the disintegration promoted by the cracks; (c) there is probably 
a loss of valuable cement ingredients through leaching. Cracks in a dam on 
St. Croix River, Woodland, Me., were repaired by grouting and applying a 
Gun-crete facing.’’* 

Temperature changes have been olxserved in many masonry masses by 
thermophone readings. The effects of temperature on the compressive 
stresses in a gravity dam are not established. It is proved analytically 
that a temperature rise in an arch dam produces shortening of the arch rib, 
which increases the compressive stresses. Temperature and setting effects 
must be complex in large dams, the various parts being placed under different 
• CementrOuu^Coimtruction Co., Chicago. 
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temperature conditions. For thermophones in Kensico danj, see E. N,, Dec. 10, 
1914, p. 1172. For description of electric thermometers used in Arrowrpck 
dam, see T. A. S. C. E., Vol. 79, 1915, p. 1227. Thermocouple readings on 
the thin arch dam at Lake Spaulding are recorded in E. N. 72. , Aug. 9, 1917, 
p. 253. The Bureau of Standards is developing apparatus for recording 
temperatures and stresses. Methods employed by the arch dam committee of 
Engineering Foundation are given in E. N, R., Dec. 11, 1924, p. 964. 

Temperature Cracks. Cross River Darn. One and one-fourth-inch square 
steel bars were placed in horizontal layers in the upper 30 ft. Commencing 
at the top, these layers included six rows of rods in each of the first two*courses, 
five in the third and fourth, four in the fifth, and two in the sixth. Never- 
theless, temperature cracks appeared, three extending 70 ft. from the top, 
and a fourth, 43 ft. The cracks were widest at the top; total opening of all 
cracks was 4 in. Greatest leakage was 23.9 gal. per min. Cracks were 
calked on the upstream face with lead wool and grouted. Leakage was cut 
down to 2 gal. per rnin. but was never entirely stopped (1925). No horizontal 
cracking was indicated. Croton Falls dam was reinforced (see p. 179), but had 
three major and several minor cracks after the second winter following cornple- 
tion. Both dams continued (1925) to seep enough water to disfigure, 
generally, the downstream faces. Up to Mar. 17, 1900, five cracks of measur- 
able size had appeared in New Croton dam^ 1108 ft. long (finished in 1905); in 
the spillway section, 1000 ft. long, 10 small cracks. The average distance 
between main cracks is 200 ft. 

Boonton Dam. In the Boonton dam, 2150 ft. long (completed 1903), 
there appeared, previous to Feb. 27, 1907, 17 cracks of considerable size and 
the same number of smaller cracks; the probable sum of their widths being not 
far from 3.5 in. Considerable seepage occurs at Boonton dam, keeping the 
face wet in summer and ice-covered in winter. Results of thermophone 
observations in the Boonton dam seem tb warrant the following conclusions: 
In darns of this size,. 12 months will elapse between the placing of the masonry 
and the assumption by the masonry of a temperature dependent on local 
exterior conditions; in otlier words, the heat generated by the setting cement 
only becomes negligible after 1 year. After the first year, the temperature of 
the interior will vary 30 days behind the atmospheric temperature. For 
distances up to 20 ft. from tlie face, the range of interior temperature varies 
nearly inversely with the cube root of the distance from the face. The tem- 
perature of a mass of masoiiTy due to chemicaf action is highest 18 hr. after 
placing, averaging about 100°F. More cracks appeared in masonry laid in 
summer months. Approximate computations indicate that the ultimate 
tensile strength of the mass of a Portland cement dam is not far from 800 lb. 
per sq. in. (See Fig. 69, p. 178.) 

Contraction joints have been provided in many recent dams (notably 
Ashokan, Kensico, East Park, Arrowrock, Elephant Butte), to localize 
vertical cracks, reduce secondary stresses, and improve appearance. They 
are spaced 50 to 100 ft. and provided with a keyed or metal water-stop. If 
held securely by a tongue and groove, longitudinal cracks may occur between 
the joints of a dam built in alternate sections, since the masonry in the section 
last placed, tending to shrink, will be constrained by the joint. 
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V Temperature a^d Disintegration Allowance. A convenient method of 
taking account of temperature effects, possible disintegration due to freesing 
of water in joints or in pores of stone and mortar at the face of the dam, and the 
character of facing and mode of applying, is to assume that a layer of masonry 
exposed to the atmosphere cannot be considered as effective for resisting 
stresses other than those due to these causes. For conditions similar to north- 
eastern United States, a thickness of 4 ft., normal to the face, would com- 
prehend the greatest range in temperature, viz., 12° either way from the 
mean at the inner side of the layer and 32|° either way from the mean at 
the exposed surface; the masonry back of the 4-ft. line would be subject to 
much smaller variations, which would produce stresses not excessive in good 
masonry. Extreme diurnal variations would be much greater than the 
averages named, but they would penetrate to slight depths. Assuming a 
variation of 12° from the mean at the 4-ft. line, a coefficient of linear 
dilatation* of 0.000,004 per °F., modulus of elasticity of 360,000 tons per 
sq. ft., and adjustment to a state of no internal stress at the mean tempera- 
ture, there would be stresses of 17 tons per sq. ft., either tension or compres- 
sion. But some experiments sho\v much low’cr and others much higher 
moduli, so that the stresses may be estimated as low as 10 or as high as 30 
tons for a variation of 12°. Movements caused by these stresses would 
be very small (for a mean value, about in. in 100 ft. for each ton persq. 
ft.); and if the effect be distributed over a number of joints, as seems most 
probable, the opening, in case of tension, at any one joint would be minute. 
But since temperature stresses tend in part to relieve those caused by external 
forces, it is sufficient to assume a line 3 ft. back from, and parallel to, the por- 
tion of the face exposed to atmosphere. Although this layer is not included 
in the section for resisting external forces, its weight is borne by the “effective ” 
masonry, for the face layer is not detached nor self-supporting. So small a 
part of the upstream face will usually be exposed to the atmosphere, and when 
so exposed will be subject to no stresses other than those due to the weight of 
the masonry and to temperature, that it is unnecessary to make a similar 
allowance here. Having thus provided for temperature, it is reasonable to 
allow higher unit stresses in the ‘^effective section;’^ for in methods which 
make no separate allowance for temperature these stresses, along with inde- 
terminate elements, are provided for by adopting low unit working stresses*. 

Table 48. Stresses Normal to Direction of Resultant, at Point Near Toe of Joint, 
Making Allowance for Temperature and Frost, by Assuming ‘‘Ineffective” 
Layer, Normal to Face of Dam 


Joint 

3-ft. allowance 

IIIIIIIQIQQQIII^ 

30 ft. below top 

50 ft. below top 

70 ft. below top 

90 ft. below top 

110 ft. below top 

31 .4 tons sq*. ft. 

13.0 tons sq. ft. 

10.0 tons sq. ft. 

8 . 0 tons sq. ft. 

7.7 tons sq. ft. 

« 

t 

20.7 tons sq. ft. 

12.2 tons sq. ft. 

10.0 tons sq. ft./ 

9 . 1 tons sq. ft.* 


Assumed external forces are water and ice at 15 ft. below top and two-thirds ttpii^rd water.- ^ 
sure; orossHiection used for computation is that of Wachusett dam (see p. 186),: v 

« Coefficient of linear dilatation Is expansion per unit along gny line, or ffireetion, 
t Eeeultant falls l^yond limit of joint ae*r^uoed, within 4-ft. * to 
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Maximum pressures at the faces, computed in accordwch with the trape- 
zoidal law (p. 134)„ are probably in excess of the actual, except as greater 
pressures may be produced by constructing the faces of less compressible 
masonry than the interior, or by the expansion of the masonry in warm 
weather, or possible when wet and frozen. 

FOUNDATIONS 

Pressures. Foundations for solid gravity dams should be on rock, the 
bearing power and impermeability of which are known from investigations. 
Good foundation ib one of the most important considerations for a masonry 
dam, as to both stability and cost. Only relatively low and unimportant 
dams may, under stress of circumstances, be placed on other than rock founda-* 
tion, and such other foundation must he most intelligently selected and pre- 
pared. Foundation pressures are commonly restricted to 15 tons per sq. ft. 
on strong rock (cf. Tables 49 and 50), and to 10 tons on shale. Eel River 
dam, Cal.15 ig founded on shale which was grouted to a depth of 50 ft. below 
the base. 

Failures. Among dams which failed by reason of foundation defects are 
Austin, Tex.;* U. S. Dam No. 26, Ohio River; Stony River dam, W. Va.;®® 
reservoir wall,«Nashville, Tenn.; and dam at Austin, Pa.^o This last did not 
go down into rock, but only rested on or near surface. The rock layers were 
nearly horizontal, from 2 to 6 in. or more in thickness, and parted by unctuous 
clay. The coefficient of friction between two surfaces of rock separated by 
clay or soft, wet shale may not be more than from 0.3 to 0.5 while the dani 
would probably have failed if the coefficient had been 0.55.7e Foundations 
of Elwha dam. Port Angeles, Wash., blew out, leaving dam arching the 
opening.'® 

Earthquakes, t The earthciuake of Apr. 18, 1906, cracked and shattered 
the calcareous sandstone under San Mateo dam and gave rise to numerous 
new springs in creek bed below; but with lapse of time these choked up and 
after a few years discharged an insignificant quantity. Dam with 30 thousand 
million gal. of water behind it, stood earthquake shock perfectly."^ 

Investigations (see footnote on p. 118). Foundations should be thoroughly 
examined preliminarily by borings, test-pits, shafts, and drifts. The rock 
at Iron Canyon was examined by the Engineers of U. S. Reclamation Service 
by means of a leverage loading machine in a*3 byjB ft. drift, 35 ft. into the cliff.' ^ 
Foundations of Keokuk dam .across Mississippi River were tested for porosity 
by using compressed air exerting four times the pressure of the anticipated 
head. Test holes, 4 in. in diam.,and 30 ft, deep, were put down 36 ft. apart 
ou the axis of the dam.} 

Excavation should be to a depth sufficient to uncover sound and tight rock, 
if practicable. Final excavating should be done without explosives, to reduce 
the chances of shattering the rock on which masonry is to be built. As founda- 
tions must penetrate alluvial deposits in the stream bed, trench sheeting or 

‘I'Seep 168. 

t See also p. 826. 

} Qubby. May not some air be objectionably pocketed in the rook so as to interfere with sab* 
Aequent grouting, without being discovered? Instead why not pump water, noting clos^ ^e 
quantity and pressure, and changes in both? ^ 
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bracing, stream control (see p. 157) and water handling are important. Ade- 
quate pumping equipment is essential. WagonerZd reports that part of the 
work on the wrecked Walnut Grove dam was done in 3 or 4 ft. of water, in the 
absence of adequate unwatering equipment, and that the dam was founded, 
in part, on a boulder, mistaken for bed rock. For timbering designs for wide 
trenches, see diagrams by F. R. Sweeny, K, N. R,^ Apr. 10, 1910, p. 708; tables 
in Vol. II, p. 284, ei. seq. ^‘American Sewerage Practice,” by Metcalf and Eddy; 
also ^^Deep Trenches for Reservoirs,” by .1. M. Greig, Can. Eng.j Aug. 19, 
1915, p. 269. An impervious stratum upstream allowed the excavation for 
the O^Shaughriessy dam, Cal., in the open by the erection of a small diverting 
dam. Excavations 63 ft. below the track were made by machines at the 
Miami works.^^ For short bibliography, see p. 160. 

Reducing Seepage.* Cut-off walls are important to ]:)revent flow between 
a dam and its foundation, and to prevent sliding, with all types of dams, l^'or 
solid gravity dams, a relatively narrow tremdi (5 to 20 ft.) is excavated to 
satisfactorily watertight materials or to such depth, not less than 10 ft., as to 
offer great resistam^e to passing of water. Grouting is freciuently done below 
the bottom of tlie trench, see p. 127. Commonly the cut-off trench is hlled 
with dense masonr.y, built against the sides of the excavation and carefully 
bonded to the dam. Cut-off trenches are gencrallv placed under the heel, but 
may follow an irregular line to meet local conditions. To reduce seei)ago 
around the dam, walls are sometimes extended b(>yond its ends. A wing wall 
was employed to iirevent seepage through the abutting hills at Derwent reser- 
voir, England, where the site of the reservoir was underlaid by strata of sand- 
stone and shale, some of which were broken. This conditif)n extended far into 
the hills. The cut-off trench was extended ^ mile along each side of the n^ser- 
voir.20 The foundations of Loch Raven darn arc underdrained by a system of 
6 in. pipes, 30 ft. center to center .21 

Earth Foundations. It is not customary to build high masonry dams on 
earth foundations, because the pressure at the toe is so great that the earth 
would not offer sufficient resistance, but at the end of a dam enveloiied by 
earth cones, there will be no excessive iiressure at the toe; moreover, the weight 
of the embankment over the earth would tend strongl}^ to prevent the earth 
from squeezing out. Under such circumstances, it is jiroper to build a portion 
of a masonry dam on very compact earth (hardpaii or its equivalent) under 
competent engineering supervision- 

Grouting Foundations. Cro.s-.s River Dam. Drilling and blasting were 
allowed until seemingly hard rock was reached, when barring and wedging was 
resorted to for removing loose portions. At times this would disclose rotten 
rock below, calling for more blasting. The final bottom was washed clean, 
and sounded with a heavy hammer in the presence of an inspector. Mortar 
was spread over this wet surface just before masonry was placed. Wells of 
rubble masonry were built around springs. Vents were left for grouting, all 
springs being free to rise to their hydraulic grade line. A Douglas No. 2 bilge 
pump was used for grouting. 

New Croton Dam. Seams, erosions, and caves in rocks were thoroughly 
excavated, then cleaned with a stream of water under high pressure from a 

♦ See also “Minimizing of Uplift/’ p. 119. 
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nozzle. Larger spaces generally were packed with rubble^ masonry, smaller 
spaces poured full of grout of Portland cement and fine sharp sand, 2 to 1, 
wherever possible. Where pouring was not pOKSsible, grout, mixed 1 to 1, was 
pumped. Connections to some seams were made by drill holes; a few caves 
were entered by small shafts and tunnels. Water encountered under pressure 
was forced into pipes sealed into the rock and carried up above the level to 
which water rose, before grouting. Some of these pipes were 10 in. diarn., 
but most were 2 in. Preliminary to grouting, pipes, etc., were thoroughly 
flushed with clean water under high pressure. One spring .yielded l.t5 mgd. 
For one spring 2-in. pipes were carried up IK) ft. and, it proving impracticable 
to grout through so great a depth of water, x^lastic blue (^lay, well kneaded with 
water, was rammed in with a 2000-lb. pile driver with maximum drop of 4 ft.,, 
to a total of 22 cu. yd. (For further details, see ‘^foundations of New Croton 
Dam,^^ by C. B. Gowen, T, A. S, C. F., Vol. 43, 11)00, p. 469.) 

7'he Clackamm River dam of the Portland, Ore., Ry., Light & Power Co., 
is founded on volcanic andesite and basalt, heavil.y fissured. A double line of 
holes were drilled under the heel of the dam to average depth of 50 ft. Canniff 
I)neumatic grout mixer* and injector was used, with air pressure from 50 to 
200 lb. per sq. in., depending on the tightness of the hole; high i)ressure caused 
blow-outs at surface. Holes were 2| to cS in. diarn.; 3-in. wrought-iron 
pipe casings, with threaded tops for attaching hose, were ])ut down for upper 
4 to 6 ft., and grouted in. Grout contained 2 to 15 parts water to 1 cement. 
A flexible copper hose connected the grout machine to the pi])e. Introducing 
the hose into the pipe for grouting low parts was tried, but did not prove worth 
extra work. Holes were tested under a head exceeding the normal reservoir 
liead; in some cases, communication was found between holes 70 ft. apart. 
Drilling and grouting 555 holes, aggregating 34,038 ft., cost $1.55 per ft.®7 

At Olive Bridge da'}n'\ of (Utskill Water Bup]fly for New York, 29 grout holes, 
3 in. diarn., 5 ft. apart, and 13 to 20.8 ft. d(?e]), were drilled in the cut-off trench 
down to a seam indicatcal by previous borings. When this seam was tapped 
water rose under pressure to the floor of the cut-off trench. Two-inch grout 
pipes were chijqied with a chisel at the lower end, wrapped with jute for 
about 8 in. and driven 3 ft. into the drill holes, the jute on tlie lower end fitting 
the hole tightly. The annular space outside of the pipe was grouted, and 
filled with more jute wound around the pipe and calked so firmly that all flow 
of water stopped. Pipes were finally sealed to rock with neat Portland cement. 
As the cut-off .trench was filled, the 2-in. grout p1])es were carried up with the 
concreting to a proper height for grouting. A Cockburn-Harrow grouting 
machine of about 4 cu. ft. capacity was used. This machine consists of a 
cylinder, 1.75 ft. diarn. and 3 ft. long, fitted with paddles to churn the grout. 
Materials are introduced through a hole in the top. Pipes admit air under 
pressure, which forces grout through a 2-in. hose, connecting by a tee to the 
grout pipe. 4 throttle valve in the tee permits the blowing off of the hose 
without disconnecting it from the pipe. Air pipes are controlled by screw 
valves; outlets to hose, by throttle valve. A pressure gage is attached to the 
air pipe. A compressed air engine attached to the machine keeps the stirring 

* Manufactured by Raiisomc Concrete Machinery Co. 

t Stic also “G’touting Operations, Catskill Water Supply,” by J. F. Sanborn and M. E. Zipser, 
T. A, S. C. B., Vol. 83, i919-20, p. 980. A hydraulic machine for grouting is described in E, AT. R, 
.July 14, 1921, p. 74. 
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paddles in motion. Prior to grouting, water stood 20 ft. below the tops of the 
pipes. Under 25 lb. pressure, water was immediately forced from two adja- 
cent holes, spurting 6 ft. above the pipe mouths. Air pressure was then con- 
nected to the grouting machine and the holes grouted. The volume of pipe 
and drill hole was about 1.4 cu. ft.; 3.2 cu. ft. of grout were required to fill 
them. 

At Elephant Butte dam, U. S. Reclamation Service grouted drill holes 
below cut-off wall and provided two rows of drainage wells downstream from 
this grout barrier, through which seepage could be detected. The sandstone 
bottom consisted of layers, badly fissured, separated by shale which disinte- 
grated on exposure to air. Test holes were put down 20 ft. or more to assure 
satisfactory layers below; 4-in. o|>enings, spaced 10 ft. center to center, were 
carried up in the masonry, and through them rock drills operated to drill 
holes into rock to a depth of 45 ft., for high-jiressure grouting.22 

DESIGN OF SOLID GRAVITY DAMS* (NON-OVERFLOW TYPE) 

Judgment of Designer. Hero can be given only working formulas with 
such explanation as may be needed for intelligent use by an engineer who has 
some knowledge of tlu* subject. In assigning values to permissible pressure on 
masonry and to ice thrust, and in making various allowances not subject to 
exact calculation, e.g,, upward jiressure, but which affect the thickness and 
height of the dam, the judgment of the engineer must be guided by the impor- 
tance of the dam, quality of available materials and workmanship, local 
climate, nature of the site, consequences of partial or total failure, and funds 
at his disposal. 

Failure and Safe Design. A gravity masonry dam may fail by: (a) 
overturning about edge of any joint, due to line of action of resultant passing 
beyond limits of stability; (6) crushing of masonry or foundation; (c) shearing 
or sliding on foundation or any joint, due to horizontal thrust exceeding shear- 
ing and frictional stability; {d) rupture of any joint due to tension. (See also 
p. 146.) Hence the following limitations are generally established: (1) Lines 
of pressure, for reservoir full or empty, must not pass outside middle third 
of any horizontal joint. (2) Maximum normal working pressure on any 
horizontal joint must never exceed certain prescribed’ limits, either in masonry 
or in foundation. (3) Coefficient of .friction in any horizontal joint, or between 
dam and foundation, must be greater than tangent of angle which resultant 
makes with vertical; i.e., coefficient should be greater than ^ TF. Inves- 
tigate each assumed joint for the worst conditions of loading, reservoir both 
full and empty. 

Freeboard, the height of top above full-reservoir level, varies from 5 to 
20 ft.; seldom less than 10 ft. Brodie^s concludes that for a given top width 
the superelevation affects not the quantity of material but only its distribution 
in the cross-section. * 

Sjnnbols for masonry dam formulas (see Pig. 36) grouped alphabetically. 
Unit of weights and forces is weight of 1 cu. ft. of water. All lengths are in 
feet. (These symbols apply only to pp. 130 to 135.) 

♦ For detailed instructions, see Creager. ''Engineering for Masonry Dams,” John Wiley & Song, 
Inc., 1917. 
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Fig. 35.— Kensico dam at maximum section. Investigation of stability under various conditions. 
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B = breadth,^ or thickness, top of dam. 

h == horizontal distance between toe of I and toe of U (may =? 0 for upper 
part of dam if downstream face is vertical for any distance below top). 

G.G. = center of gravity. 

c = coefficient of upward water pressure. 

ch = intensity of pressure of water vertically upward at upstream side of 
joint; it is considered to decrease uniformly to zero at downstream 
side. 

d = depth of water on top of dam. 

D — horizontal dynamic thrust of water on back. 

E = thnist of earth on downstream face. 

/ = distance from nearer face of joint, to point of application of resultant. 



Fio. 36. — Typical section, non-overflow type. 


h — head, or vertical depth, from water level for full reservoir to any joint, 
real or imaginary, under computation. 
ht = head from extreme waiter level in flood, to joint, or to surface of mud. 
h 2 = depth of mud against upstream face. 
h^/2 = horizontal thrust due to static pressure of water against the upstream 
face of the dam. 

hi^/2 “ ditto for water at flood level. 

H h + k = vertical distance from top of darn to joint under computation. 

= head due to backwater, downstream face. * 

Hi = depth of fill, downstream side, above joint. 
k = height of dam above full reservoir level. 

Z = length of joint under computation. 

lo = known length of joint next above, i.e., the one just previously deter- 
mined. 
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m — distance from heel to line of vertical upstream fye ( « «ero for por- 
. tion having vertical upstream face). 

M = moment of horizontal force about any point in I, 
n = vertical distance between joints I and lo> 
p == intensity of vertical pressure at toe. 

Pr = maximum intensity of vertical pressure at face of joint, tons per sq. ft.* 
q = intensity of vertical pressure at heel, 
r = intensity of pressure at toe of joint, parallel to R, 

R = resultant of forces on joint, reservoir full. 

W — resultant of forces on joint, reservoir empty, 
s — intensity of shear on joint, tons per sq. ft. 

T = thrust of ice at water surface, considered horizontal (never combined 
with hi). 

u = distance from toe to intersection of R with joint (.when u< 1/2 it has 
same value as /). 

V = downward water pressure on upstream face. 

V 1 — downward water pressure on downstream fac(i. 

V — distance between intersections of R and R/ with I {—-I — y — u). 

10 = weight of masonry above joint; for slice of dam 1 ft. thick, w — A 
times area of cross-section above joint. 

W{) == weigRt of masonry above L. 

W — algebraic sum of all vertical forces, acting on joint, omitting uplift. 
y = distance from heel to intersection of W or R' with joint (when y < 1/2, 
it has same value as/). 
jjo = value of y for joint 
z — distance from heol to line of action of V. 

Toe = downstream edge of joint; Heel = upstream edge of joint. 
a = angle of slope of downstream face from horizontal. 

7 = unit weight of water = 02.5 Ib.^^er cu. ft. 

7' = unit weight of mud = 75 to 90 lb. per cu. ft. . 

8 = angle of E from horizon. 

A == unit weight of masonry, taken as 150.25 lb. per cu. ft. = 2i 7 in many 
computations. Varies from 145.5 to 1 00.0. 
p = specific gravity of masonry, taken as 2.5. 

<t> — angle of slope of downstream face from vertical. 
ip = angle between R and vertical. 

• 

Procedure. Horizontal plane joints are assumed at various convenient' 
elevations, or distances below, top, for purposes of computation. Moments of 
forces taken about intersection of line of action of W with joint, the forces being 
represented by their resultants and considered to act in the same vertical 
plane. A cross-sectional slice 1 ft. thick is used for computation and so the 
forces are those acting upon 1 lin. ft. of dam. Begin with assumed profiles 
and modify, if necessary. The following formulas determine the position, 
under various assumptions, of the intersection of the resultant of the forces 
acting on the. dam with the joint in question. In other words they deterfnihe 
the position of the /Mine of pressure.^' (See pages 133 to 135 for suggestions.) 

* In praotioe, this varies from 8 to 23 tons. Cf. tables, pages 161 to 167. A ooxuiervatlve value 
Is 15. 
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General Equat^ns for Stability against Overturning.* 

-iT - -y 


+ 6 + ~2 




1 st. Case. — Water pressure only, water at full reservoir level. T c ~ 0 

W 


l-y - u = or 


6 


2 d Case. — Water pressure and ice pressure, water at’ full reservoir level, r ~ 0, 


I - y - u 


6W'' 


(6T -h k^) or 


6T + A2 


6 


11^ 

h 


(For any dam, 67" is constant, after a value for T has been selected.) 
3d Case. — Water pressure and upward pressure beneath joint. T — 0. 

;/2 + rl (3.V - /) 


l-y - u 


— ^cl 
h 


4th Case. — Water pressure, i(!e pressure, and upward pressure. 

or + A2 + d (3// - /) 


I — y - u ^ 


4 - 3cl 
h 


5th Case. — Water pressure only, water at flood levi'l. T — 0. c = 0. 
I — y — u 


//t^ 

oir^^ ;w 

*v*> 


Another General Formula f is : 


U = l-y - S^(hi + lh)\:ih,h; + 67’ - + emu - 01 + • + 

2rf=> + 3D(hi + 2h, -d)- 6F(y - z) + - y) .sin d - y “ '] 

-y- [6(P^ + E sin 8 + u') — Sc(hi + ^2)/]. 

If any condition is to be omitted, its factor or term becomes 0 and the gen- 
eral formula must be simplified accordingly. General ConditionH: (see Fig. 37). 

Horizontal static water pressure on back (head = h\)] 
upwa'rd water pressure on base, pressure intensity 
decreasing uniformly from r(/;-i + ^2)7 at heel to zero 
at toe; mud (liquid) pressure on back (head ^2); 
dynamic pressure of water, D7; water flowing over 
top of dam, weight of water, of depth d, on top of 
dam being neglected. For condition of water not over- 
topping dam, d = 0, and D = 0; no dynamic pressure, 
D = 0; no upward water pressure, c ~ 0; no mud (f.c., 
mud replaced by water) , hi = 0. If ice be disregarded, 
T = 0. If Hi is of great depth and the downstream slope varies considerably,’ 
an approximate solution is possible by assuming an average slope beneath 

♦ T and W in these equations arc in terms of weight of 1 cu. ft. of water, 
t AU forces are in terms of weight of I cu. ft. of water. 
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the earth. The expression for earth thrust is general. After u is determined 
for each joint, p can be determined, the general expression corresponding 
to above expression for u being : 

*p = ^1^ 7 + jy sifi 5 + r - j^2 - 

In computations for p it is necessary to obtain tlie posi- 
tion of the centroid of a trapezoid with respect to the heel 
of the joint. In Fig. 3S, 

_ (P + llo -f + m(/ + 2^^ 

S(l + lo) Fig. 38. 

Shearing stresses t arc emphasized in Atcherly^s analysis, which has not 
had wide a(;ceptance. See Unwin in Eng., Vol. 79, 1905, p. 825. 

Controlling Factors. For lower part of a high dam, when choosing p and 
and slopes of faces, the bearing capacity of the rock foundation must be taken 
into acujount. It is convenkmt, especially for construction, to make upstream 
face vertical to as great depth as is permissible. Considering weight of 
masonry only and assuming uniform distribution of pressure over whole base 
or horizontal joint, the limit of height with vertical face might be limit of 
pressure in lb,*i3(^r sq. ft. -i- wt, of masonry per cu ft. Adopting 20 tons and 
156.25 lb. respectively, height —256 ft. Other considerations greatly reduce 
this height. Flood-level conditions control beyond a certain height (usually 
greater than 100 ft.) depending upon excess of hi over /q and values assigned 
to T, B and k. In climates where T may be neglected hi is used in determining 
the section, for a dam stable with Ai, would be more stable for h. Having 
allowed for floods and waves, choice of k is arbitrary or limited by some 
local condition; B is fixed by ne(5essities of footway or velii(;les, usually; but 
k and B together are very directly affectcd«by T. 

Design of High Dams by Zones. Unwin pointed out the futility of attack- 
ing the problem by pure mathematics.24 However, a section may be divided 
into zones, and mathemati(;ally investigated. The type of cross-section for 
usual conditions Ixung now well known (sec profiles on p. 168 etc.), the simplest 
procedure is to draw a trial section, tet it by the formulas and modify until all 
conditions are satisfied. For a low dam (not a very low one) use upper part of 
cross-section for a high dam subject to similar conditions. Formulas and 
discussions given here apply to the now generaily adopted type of retaining 
gravity masonry dams. With various modifications, the cross-section is a 
triangle, essentially, although the top always has substantial width§ and one 
or both faces may be curved or broken lines. With proper interpretation 
many of the formulas can be applied to dams of different shape. A very high 
masonry dam, for purposes of computations relating to design, may be divided 
into five horizontal zones, beginning at top, in each of which the limits of all 
conditions included in computations remain constant. The level at which 
one or more of these limits is reached fixes the bottom of each zone. Low 

* All forces are in terms of weight of 1 cu. ft. of water. 

t See also William Cain, “ Stresses in Masonry Dams,” T. A. S. C. E,, Vol. 64, 1909, p. 208 to 
which reader is referred for discussion of shears. * « i 

t For symbols see pp. 130 and 131. 

5 See “The Economical Top Width of Non-overflow Dams” by W. P. Creager, T. A. S. C E., 
Vol, 80, 1916, p. 723. 
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dams may have only the upper one or two zones. As will appear below, 
heights of zones depend upon allowed unit pressures in the masonry and upon 
other elements of design. Investigate sections in 10-ft. lifts for the upper 
80 ft., and in 20-ft. lifts below. In preliminary studies, larger intervals may 
be employed. 

Zone A low dam or top portion of a high dam; rectangular cros^- 
section (or substantially so) ; both faces verti(;al or with only slight, batter. 
Limited by level at which downstream face begins to slope in order to keep 
point of application of resultant of forces on joint within middle third with 
reservoir full. 

Zone 2. Bottom is level at which upstream face begins to slope to keep 
point of application of resultant of forces on joint within middle third with 
reservoir empty. Unless slope of upstream face exceeds 4 on 1, ignore the 
vertical pressure of water on it. 

Zone 3. Bottom is level below which downstream face slopes more flatly 
than in zone 2, limit of pressure intensity on masonry at toe having been 
reached for this slope with reservoir full. 

Zone 4. Bottom is reached when pressure intensity on masonry at heel 
attains limit with upstream slo]w 'l)eing used; reservoir empty. Below this 

level u])stream face must have flatter slope. 

Zone 5. Slopes of both faces fixed by 
allowed pressure intensities on masonry at toe 
and heed, respectively; reservoir alternately 
considered full aiul empty. Limited only by 
nc(^essities of dam site or strength of masonry. 
Only very high dams have fifth zone. 

Trapezoidal Law of Distribution of Pres- 
sure. Assumption: incompressible wall on 
incompressible base. If W is vertical resultant 
of pressures, omitting uplift, its distribution is 
represented by tra)x;zoid with p })roportional in length to intensity of pressure 
at one end of base, and q proportional to intensity at other end. 

I 



Fio. 39. — Trapezoidal law 
distribution of pres.sur(\ 


W 

If ?y = P ^ trapezoid becomes rectangle. 


2 . 

y>\:. 


3 = 


I 

2 / = 3 > 9 = 
y <i’ q = 


2F/„ 3»/\ 2W 

t(2- = 

2W 

— p ~ 0; trapezoid becomes triangle. 
^ 2 / 


p becomes negative and there is tensive stress repre- 


sented by the small triangle above the base, its maximum intensity being 
2W 

— p = q. Actually the distribution of pressure is probably repre- 

dy 

sented more nearly by the figure with the curved bottom, and ends less than 
p and Qf but we have not the knowledge necessary for constructing this figure. 

TTr Chi. 

If uplift is included, substitute u for y; for W substitute,- W — — 


* For a general formula, see p. 132. 
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If W is expressed in cu. ft. of water, TFu., the intensities ofcpressure, Pr, in tons 
per sq. ft. at nearest face, have values as follows : 

Ti) ^2 - -0 

(3) / < ' • p, - 


• CURVED OR ARCHED DAMS 

Sites. Proper topograidiieal and j^oologieal conditions are essential. 
The arch dam is ])articularly suitable to narrow canyons with approximately 
vertical bare rock sides. ''Fhis type was rejected for Tallulah Palls dam because 
doubt existed as to reliability of the supporting strata in the abutments.25 
At Gibraltar dam, where no rock existed at the to]) to take the thrust of one 
end, an artificial abutment was furnished by i)ouring a 3()00-cu. yd. block of 
concrete 1 year in advance of the dam. 26 

Advantages. No arch dam lias been known to fail -except because of faulty 
foundations. Effects of ujilift ma}^ be disregarded. Ib'evity of construc- 
tion period nmy sinqilify stream control; Gorfino dam in Italy, 110 ft. high, 
containing 1,000,000 cu. yd. of masonry, was built in 05 days.27 Reduced 
pressures on foundations suggc'st use, under prf)])er restri(‘tions, where a 
gravity dam could not be sustained. An arch dam was jilaced between two 
wings of gravity ty])e on an Australian site where faulty rock in the stream 
bed was considered incajiable of sustaining a heavy gravity section.29 For 
dams of medium or great 1 aught, ])rovided the kuigth docs not exceed 600 ft., 
and radius and central angle are so chosen as to give maximum probable 
arch resistance, th(' arch form offers economy. The saving in masonry is 
important; s])arsely settled regions in the West could not have afforded costly, 
solid gravity dams. Increased safety resulting from an arched plan often 
has been utilized for gravity dams, notably Roosevelt and San Mateo 
(see p. 182). J3ut curving in jilan docs not increase stability in all instances 
and may increase cost.* 

Disadvantages. For very low dams, the arch form is generally not eco- 
nomical. On high dams, the slender cross-section is sometimes alarming 
to conservative minds. There is much diffevemie of opinion as to proper 
formulas for designing; waste of materials is difficult to prove. Arch action in 
heavy sections is not so pronounced along the upstream face; hence axial 
compression is not o-perativc to tighten the dam to the same extent as in this 
sections. I'his type can be used for an overfall dam only when the toe is 
protected against erosion. A 70-ft. dam at Crowley Creek,2g Malheur 
County, Ore., is protected by a pool 35 ft. wide formed by a subsidiary arch 
15 ft. high. See also p. 148. 

Cracks in Arch Dams. No arch stress can be transmitted across open * 
vertical cracks. Hellstromf and others call attention to serious cracks in 
many existing arch dams; arch action has been destroyed. Stability in such 

♦See E. Tjl R , June 12, 1924, p. 1020; and July 31, 1924, p. 193. 

fSee paper on Swedish Arch Dams,” World Power Conferencei July, 1924. 
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condition is dependent on cantilever action, until the rising water deflects 
the vertical cantilevers so as to close the cracks. 

Formulas for Design. No generally accepted method of computation 
exists. A common assumption* considers an arch dam composed of both 
horizontal arches, and of vertical cantilevers fixed at the foundations. Divi- 
sion of load between arches and cantilevers introduces complex secondary 
stresses. A committee of Engineering Foundation is making observations on 
existing dams, and has built a test dam.29a Until this committee reportsf 
(or other experimental facts arc gotten), it is inadvisable to abandon old 
form-ulas. Values of moduli of elasticity, ranges of tem})erature in the 
masonry, distribution of the water load between arch and (\‘intil(^vcr action, 
secondary arch action, shrinkage of concrete, and fixity of the arches, all are 
assumed with small basis of ascertained fact 29b W. H. 11. Nimmo cites 16 
considerations generally ne.glected.29c Hawgood does not underestimate 
mathematical analysis, but warns that results cannot be more accurate than 

the assumptions.2h 

Cylinder formxda has been used for man}" existing dams, none of which 
RP 

has failed.29d T = — T = arch thickness, ft.; R = radius, upstream 
o , 

face, ft.; P = water pressure, tons per sq. ft.; S — allowenl stre^ss on masonry, 
tons per sq. ft. William Cain discusses this formula in 1\ A. S. C, E. Vol. 85, 
1922, p. 273. G. S. Williams 29e characterizes it as ‘^not even approximately 
correct for thin dams.” 

Arch and Cantilever Method (Edwin Duryea, Jr.). sob in a masonry dam, 
any point. A, is deflected downstream as the water rises. In an arch-type 
dam displacement of A corresponds to the deflection of a cantilever beam of 
unit length between two transverse vertical sections, and to the deflection of 
an arch lamina of unit height between two horizontal planes. The total 
water pressure will be shared between arch and cantilever, directly as respec- 
tive rigidities or inversely as deflections. Cantiiever beams are assumed 
fixed in direction at base, with planes before flexure still planes after flexure; 
arch laminae are assumed to be two-hinged, or changeable in direction at each 
bank. These assumptions are contradictory, and both tend to reduce the 
apparent proportion of pressure carried by arch action. 

1 . Vertical section through A : 
h = height of dam fromhase (below A) to crest, 
b — thickness of dam at base (below A), 

X = height from base of dam to any horizontal section, 

I == thickness of dam at hdght, x, [= ‘|(/i — a:)] . 


2. Horizontal section through A : 

s = span of horizontal arch lamina before being shortened by pressure, 
r = mean radius of horizontal arch lamina before being shortened by 
I 

pressure = P — 2 ^ 

h = chord of half of horizontal arch lamina before pressure is applied, 

I 2 = chord of half of horizontal arch lamina after pressure is applied, 


t Progress bulleUns have been published by Engineering Foundation. 
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T = thrust on horizontal arch lamina due to proportioji of water pressure 
borne by it, 

e = total shortening of chord li due to thrust T] yi and 2/2 = ordinates 
corresponding to U and Uy 
= yi — ?/2 = deflection of point A, 

3. Water pressures: 

7 = weight of a cubic foot of water = 62.5 lb., 

To ~ proportion of unit weight of water (multiple of 62.5) borne by 
gravity action, 

7 a == proportion of unit weight of water (multiple of 62.5) borne by arch 
action. 


4. Compression of masonry: 

E = modulus of elasticity = 1,500,000 lb. per sep in. 







jaih—x) 


4 ' 


After selection of any particular arch lamina, the only unknown is 70 . 
Seven-place logarithmic tables are not suflicicjitly acaairate; compute by 
ordinary multiplication. 

A formula fcr arch deflection by Visclicr and Wagoner,^! is much simpler: 

c = DV 

e = total shortening under arch pressure of half the ar(;h lamina; 

D = deflection of center point of arch lamina; 

a = one-quarter of total angle (in radians) subtended by arch lamina. 


From theory of compression of elastic bodies, 

. - D - 7 ‘h 

IE ^ IE a 


where the vertical thickness of the arch lamina is unity, and h represents the 
half length of the arch lamina instead of the lengtli of the half chord. 

For a triangular profile with base = height, and water level with apex: 

125.r2 

7a - 

Constant-angle Arch Dam* is suited to 
canyons in solid rock narrower at bottom 
than at top. A constant-angle dam acts 
more nearly like an arch, can deflect more 
without producing vertical tension in the 
upstream face, and, under equal conditions, 
is a safer structure than a constant radius 
structure. The main claim for economy 
is keeping the subtended angle of the arch 
as nearly constant as possible so that arch 
action is utilized to the maximum at each 
elevation.32 This necessitates abandon- 
ment of the constant upstream radius generally employed, and the substitu- 

* Patents (?ontrolled by Constant Angle Arch Dam Co., San Francisco. 
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tion of radii of varjpus lengths for successive zones determined by the width 
of the canyon at each zone. There are practical limits to the rigidity of this 
requirement. Jorgensen2e says it is not practicable near the base; Parker 
says that sites are rare where local conditions will allow the use of a constant 
angle; J. S. Eastwood2n)elieves application is extremely limited. 






Radius = Constant X ur 

Fio. 42. — Constant-angle arch darn. Relation of 20 to 0 sin-O. 


Assume, as usual, tliat any unit horizontal (4ement, such as shown in Fig. 
40 is a portion of a cylin(lri(^al ring: 

7 - Viji + t) -h A (1) 


t = thickness of the dam; R - radius of downstream face; A = area of 
section at any given point; q = av. stress, lb. per sq. ft.; jP == radial load, 
lbs. per sq. ft. , 

The volume of masonry is equal to the area of the section, times the mean 
radius, times the enclo.sed angle. 


V = AXRmX 20 
C X (")' X 26 

"''sin=‘e 




( 2 ) 

( 3 ) 
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in which G" and K are constants, the latter depending upon the width of the 
canyon. 

Table 44. Details of Some of the Principal Curved Masonry Dams* 

Arranged in order of height. See sections on pp. 140 and 187. 

Dimensions of following curved dams will be found on pp. 101 to 167; Arrowrock, Barren Jack, Beetaloo, Bufraga, 
Butte, Chartrain, ChomniU, Furens, Hemet, Gileppe, Granite Springs, Hijar, Roosevelt, San Mateo, Thirlmere, Turlock, 
Upper Otay, Urft, Villar, Wigwam, Zola. Secfion of Halligan dam, p. 187. 


Place 

Max. height above 
foundation, ft. 

Base thickness, ft. 

^ 

thickness 

-o 

1 

Ma.x. arch stress, 
Ib. per sq. inj 

Radius, upstream 
face, ft. 

Length, ft. 

Rock in foundation 

Date 

Thickness, ft. 

Depth below 
crest where 
measured, ft. 

Surcharge alio 
ft. of water 

Ca) 

Kaluoinba, N.S.W. 

25.0 

20.29 

3.0 

0 

1.0 

233 

220.0 

320 

Sandstone 

1905 

(a) 

Picton, N.S.W 

28.0 

13.62 

7.0 

0 

10.0 

186 

120.0 

112 

Sainlstone 

1897 

(p) 

Sorell Cr., Tatumania. . . 

30.0 

6.0 

2.0 

0 

— 

208 

IIO.O 

15r 


1012 

(c) 

Winchester, Ky 

31.0 

8.58 

4.83 

0 

— 

408 

318.4 

407 


— 

la) 

Queen Charlotte Vale, 

32.0 

8.65 

3.0 

0 

— 

155 

90.0 

11/ 

(iiiartzite 

1898 


N.S.W. 











(a) 

Parkta, N.S.W 

33.5 

13.5 

3.0 

6.0 

5.0 

373 

300.0 

54t 

Granite 

1897 

(a) 

Lithgow, No. 1, N.S.W. 

35.0 

10.88 

3.5 

3.5 

3.5 

155 

100.0 

178 

Sandstone 

1896 

(a) 

Wollongong, N.S.W 

42.0 

11.62 

3.5 

5.0 

1.0 

311 

200.0 

535 

Basalt. 

1898 

la) 

Cootamuiida, N.S.W. . . 

46.0 

13.0 

3 0 

8.0 

1.0 

380 

250.0 

G4f 

Oranile 


la) 

Wellington, N.S.W 

48.0 

10.0 

3.0 

7.0 

2.0 

311 

150,0 


Conglorntjratc 

1899 

la) 

Mudgee, N.S.W 

50.0 

18.0 

3 0 

5.0 

1.0 

311 

253.0 


Altered slate 

1899 


Las Vegas, N.M 

50.0 

15.5 

5.0 

0 

— 

350 

250.0 

2i() 

Sandstone 

1910 

(a) 

Parramatta, N.S.W 

52.0 

15.0 

4.8 

0 

2.0 

223 

160.0 

225 

Sandstone. 



(a) 

Lewiston, IdJlho 

55.5 

14.5 

5.33 

0 

— 

475 

286.5 

28S 


— 

(a) 

Tamworth, N.S.W 

61.0 

21.5 

3 0 

3.0 

2.0 

311 

250.0 

440 

Gran it (5 

1898 

(fr) 

Bear Valley, Cal.f. 

64 0 

8 4(A) 

2 75 

0 



825 

335.0 

300 


1884 

(a) 

Medlow, N.S.W 

65,0 

8.96 ■ 

3 5 

21.0 

3.0 

186 

60.0 

124 

Sandstoru; 

1906 

(o) 

Crowley Or , Ore 

70,0 

5.16 

3.0 

0 

2.0 

— 

70.0 

158 

Rock . 

1911 

(a) 

Lithgow, No. 2, N.S.W. 

87.0 

24.0 

3.0 

3.0 

3.0 

155 

100 0 

221 

Sandstone 

1{H)6 

Id) 


90 0 

7 75 



0 



283 

67 , 85 




1903 

(6) 

Sweetwater, Cal . 

04,0 

46.0 

12 0 

0 

— 

188 

222.0 

380 

Porpliyry 

1888 


Las Vegas (proposed). . . 

05.0 

43.3 

5 0 

0 

— 

300 

250.0 

300 


— 

(n) 

Columbus, 0. (Scioto 

05(m) 

64.3 

11.0 

0 

0 

— 

800.0 

1806 

Limestone 

1905 

(b) 

.Iv. } 

Barossa, S. Australia. . . 

113.0 

34.0 

4.5 

0 



242 

200.0 

470 

Sliale 

1903 

(b) 

Zola, France 

123.2 

41.82 

19.02 

0 

— 

106 

157.0 

205 


1843 

(r) 

Salmon Cr., Alaska .... 

168.0 

47.0 

6 0 

0 

— 

330 

331 

644 


1914 

(<7) 

East Canyon Cr., Utah. 

100.0 

26.25 

5.0 

0 

— 

174 

08.8 

144 

Limestone 

1915 

(») 

ilartclxjcsfoort, S. Afr. 

104 

73.0 

15 

• 0 

— 

180 

148- 

— 


1923 









240 




(d) 

Lake Cheosman, Col . . . 

218,5 

176.0 

18 0 

0 

0 

200 

400 0 

710 

Granite 

1900 

(e) 

Pathfinder, Wyo 

210.0 

72.66(1*) 

10 0 

0 

— 

181 

150 0 

425 

Red granite 

1909 


Shoshone, Wyo. 

328.0 

108.0 

10 0 


0 

— 

150(0 

175 

Granite 

1010 


Principally from K, R., Oct. 8, 1010, p. 403. (a) E. N., May 10, 1010; also Proc, hist. C. E., 1000. {h) Wegmann’s 
“The Design and (^ormtruction of Dams.” (c) Data from Wm. Wheeler. Base tiiickness at 15 ft. above base, (rf) 
T. A. S. C. E., Vol. 53, June, 1904. (e) J. N. E. W. W. A., June. 1006. (/) Actually built but 30 ft. high, (h) 48 
ft. below crest, (k) 94 ft. below creat. (1) Radius of ccnbT, both fac-es battered, (m) Tcunporarily finished to a 
height 22 ft. less, (n) T. A. S. C. E., Vol. 67, 1910. (o) K. N. R.. May 2, 1918, p. 876. (p) E. AT., Oct. 12, 1916, 
p. 712. (q) T. A. S. C. E., Vol. 83, 1919, p. 574. (r) T. A. S. C. E., Vol. 78, 1915, p. 708. (s) E. C., Feb., 1924, 
p. 340. 

"‘For more complete statistics see “Masonry Dams,” by W. P. Creagor, 1917, p. 154. 

t Old dam; multiple-arch reinforced concrete dam, b^ilt iu 1911, Placed at nearly 1000 by 
Davis.2j 

t Computed from cylinder formula. 

From Fig. 42, amount of masonry for an arched dam will be a minimum 
when the mean radius at any elevation is so chosen that 20 is about 133°; 
the variation in masonry required for a given dam will be only about 1 per 
cent., provided that 20 be held between 120° and 146°.* This method 
inyolves the independent determination of the dimensions of the successive 
arch-shaped slices between predetermined levels; ea(;h being considered pri- 
marily as an independent structure; such slices being thereafter superposed. 
At the top of the dam it will generally be best to choose 20 near the upper 
limit (146°) for greatest econoiny, and at the bottom near the lower limit 

' ♦ Old Beur Valley dam subtends but 53** .8e Flattening of the arch to prevent overhang of the 
topjrequires an endosed angle between 140** and 60® for economy. 





140 


WATERWOB.KS HANDBOOK 


(120®) Slices of have no common center line; centers are located 

principally to get the length of arch as short as possible for a given distance 
across the canyon. Toward the bottom it is necessary to investigate, also, 

o/p I ±\ 

the maximum stress. The maximum arch compression will be g X 

2R + 'lt 


25^i. Y6 3S 


^330 

• <>\ 



TTW 



(«) (b) 

Litligow No. 1. Cootiimumla. 


■- mjo >r\ 

(c) 

MudKec. 


/5 


1 

2S^: 35 


• 3;f=7v^ 






WollonKoriK. 


Mc'dlow, LitliKoxv No. 2. 


^11 

-hm'f? 



( 9 ) 

Taniwort}i. 




5 


Taniwort}i. Wellington. Parkes. 

Fio. 43. — Sections of curved masonry dams. Dimensions in feet. 


and will exist along the downstream edge. The stress on the foundation 
does not need to be considered for dams less than 200 ft. high. This metliod 
can also be applied to the multiple-arch dam; the most economical result will 
be obtained by taking the top width equal to the distance between centers of 
buttresses, ahd bottom width equal to the distance between outside of but- 
tresses, and by choosing the enclosed angles less than the most economical 
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at the top, where excess thickness must be provided for fnechanical reasons, 
and gradually increasing this angle toward the foundation. 

Synopsis of Recent Articles. William Cain : The Circular Arch under Normal 
Loads/^ T, A, S, (7. E., Vol. 85, 1922, p. 233. Derives nearly exact formulas for 
deflection . . . and formulas for moment, thrust, and shear, both for arches fixed 
{encastri) at the ends, and for those free to turn or ‘hinged* at the abutments.** 

H. Hawgood: ^^Huacal Dam, Sonora, Mex.,** T. A. S, C, E., Vol. 78, 1915, 
p. 564. Design and construction. Dependent on arch action for stability. 
Argument for cylinder formula. Table of principal arch dams. 

L. R. Jorgensen: “An Example of Design of Arch Dam with Constant Angle,** 
J. EUc. Jan. 15, and Feb. 15, 1917, pp. 33, 110. “Improving Arch Action in 
Arch Dams,” T. A. S. C. iJ., Vol. 83, 1919, p. 316. Methods of grouting contrac- 
tion joints discussed. Author has taken out U. 8. Patent No. 1216234 (1915) 
on this method. “Tlui Constant-angle Arch Dam, T. A. S, C, E. Vol. 78, 1915, 
p. 685. Features distinguishing from ordinary arch (cf. p. 137). Short-cut 
method for proportioning arch and cantilever stresses. 

F. A. Noetzli: “The Relation between Deflections and Stresses in Arch 
Dams,** T. A. S. C. E.j Vol. 85, 1922, p. 284. Method of calculating stresscis 
resulting from deflections due to water pressure, change of temperature, shrinkage, 
lateral deformation, swelling, etc., which have been measured. “Arch Dam 
Temperature Changes and Deflection Measurements,” E. N. R., Nov. 30, 1922, 
p. 930. A suggested method of experimentation with full-§ize structures which 
may give information useful in design. “Gravity and Arch Action in Curved 
Dams,** 1\ A. S, (7. E., Vol. .84, 1921, p. 1. siiows “some simple methods** 
for determining the proportion of the load carried by arch and cantilever action. 
“Simple approximate formulas** are developed for the determination of tem- 
perature and shrinkage stresses. Author*s patent No. 1410217 (1922), applies 
to such a structure. 

Parker: “The East Canyon Creek Dam,** T. A. S. C, E.y Vol. 83, 1919-1920, 
p.’ 574. Design and construction of dam 140 ft. high above stream bed, with a 
center angle varying from 76 to 47 deg. The arch abuts against a wing of gravity 
section at one end, and of hollow deck type at other end. Dam was built during 
winter, and sand used was of doubtful quality. Computed by simple cylinder 
formula. Structure is successful. 

Smith : “ Arched Dams.’* T. A. S. C. E., Vol. 83, 1919-1920, p. 2027. Method 
of analysis requiring “a considerM,l)le knowledge of mathematics,** is offered, which 
avoids the obvious defects of the ordinary (cylinder tliwry, i.e., assumption that 
arch thrust is a maximum at tlu5 bn.se wluire, as a mattc^r of fact, due to foundation 
fixation, it vanishes. 

HOLLOW DAMS 

Use, In attempts to reduce the quantities of masonry and lessen unit 
foundation pressures, dams have been designed with buttresses or pier walls, 
supporting either arches (multiple-arch dams), or slabs (Ambursen type). 
Iteinforcement is required in members subject to other than compressive 
stresses. Unreinforced dams have also been built with buttresses and arches 
designed as if in compression only, e.g,, Meer Alum dam in India, and Belabula 
dam in New South Wales. Various cellular dams, stabilized by ballasting 
the cells with water or other materials, have been patented. Most t3rpes 
hollow dams have been patented, by Ambursen, Eastwood, Jorgensen ^915, 
No. 1282087), Edge, Turner, and others. 
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Disadvantages ate lack of watertightiiess of thin sections, and their sus- 
ceptibility to cracks which may expose the reinforcing steel to corrosion. In 
riot or war; such dams may be readily demolished. Skilled labor is required for 
the intricate form work. Although many advocates claim freedom from uplift, 
conservative practice considers the whole rock slab underlying the dam as 
subject in some degree to uplift. 

Multiple-arch dams* have been widely used in Western t America and in 
Italy; they have been built as higli as 22S ft., 34 and one 279 ft. high is under 
construction for Suviana rescrv()ir.33 They should be restricted to solid rock 
foundations, or to low non-overflow dams where the foundations can be readily 
consolidated to eliminate settlement. They have be(;n used on clay in Michi- 
gan.2i This t>T<^' preferred at Mountain Dell dam (Salt Lake City Water 
Supi)ly), because of tendency to tighten under load; the seamy rock indicated 
probable leakage.37 

Description. In general, multiple-arch .darns consist of semicyliiiders, 
with axes iiudined at 50^ to (Kr from tlie horizontal, arrilring between but- 
tresses. Ai'ches are in coin])ression under normal loads. In ]*ecent Americau 
designs, eac^li arch has a verfJ(*al axis for its upp(‘r fr^w fer^t to do away with 
excessive secondary stress(*s. Veid-ical cylinders were used thi*oughout in the 
earlier darns in India and at I'^ast Park reservoir. Cal.; in tlie latter, their use 
was incidental to enlarging the si)illway cai)acity. For imjfined arches, 
buttresses are siraccKl 25 to 50 ft. Buttresses anej arch footings distr*ibuto the 
load to the foundation. Only on poor sites is it necessary to 'put in a continu- 
ous foundation slab under the buttrr^sses. For a dam 120-ft. high, the but- 
tresses and their supporting struts comprise SO jrer cent, of the voluine.2® 
Noetzli35 proposes a saving in buttr(\ss mater ial by using double walls with 
diaphragms between, claiming cost to be 50 per. cent, of a gravity darn. 

Advantages of multiple-arch dams are saving of rnasorrr'y, lower cost and 
reduction of foundation jrressui’fis. Com]mi-ed to a gravity’’ darn, gi’eatest 
economy is shown wlunx) material costs are high; when height exceeds 130 ft. 
thei-e may be no saving (Joig(‘nsen).36b CJ(>in])ared svitli flat-slab dams there 
are half as many laittresses, one-t(mth the steel, and ai’ches may be thinner 
than slabs (Blackw(?ll).36a This tyjre offers economy of 10 to 25 per cent, 
over the single arch below 125 ft. height, but a])ove this the reverse generally 
holds true (McIntosh). Multi] )lo-ar(di darns ar*e not limited to narrow gorges 
with precipitous rock sides. Gate-house costs are reduced as valves may be 
housed beneath the slab. 

Disadvantages, besides those mentioned above, are: Forms are more 
intricate than for flat-slab darns. Unyielding foundations are required as 
settlement of any pier would be dangerous. Unsuited to overflow section. 
Damage to thin sections by fro.st4 Blackwcll36a fears that the failure of one 
section would wreck the whole structure. This did not follow at Gleno, see p. 
145 (Authors). 

Arch spans vary from 25 to 50 ft., dependent on the following conditions: 
All spans equal; theoretically the total concrete in the buttressed is iUdepend^ ^ 

* Compiled mainly from “FTindamcntals in the Designs of a Multiple-arch Dam,” by H. P. 
McIntosh, E. N. It./Sept. 4, 1919, pp. 404-468. See also Janni, T. A. S. C. E. Vol. 8S, 1926, p, 
P-1142. i 

t See early paper by Q. T. Dillinan, T. A. S. C, E., Vol. 49, 1902, p. 94. 

t Gem Lake dam was rebuilt to a gravity sectioh on this account ; see E. N. R., July 2, 1925, p* 22. 
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ent of arch span; short spans save material, but this is ofifeet by cost of forms 
and placing concrete in thin sections, as well as minimum thickness required for 
watertightness. High dams require the maximum span; this puts heavy loads 
on the buttresses, which have to be intricately supported against buckling. 

Arches, in the earlier multii)le~arch dams, were circular in a plane normal 
to the axis, and of uniform thickness— an uneconomical shape, subject to 
unnecessary secondary stresses,^ since crown is under less head than its corre- 
sponding haunch. McIntosh and others propose that the section in a horizon- 
tal plane be made circular and of uniform thickness as all parts of such a ring 
are under same water load. This nisults in an elliptical seedion (f.c., practi- 
cally three-centered), normal to the axis, wherein the thickness increases from 
the crown to the hauncli. It is analytically demonstrable that lino of pres- 
sure follows closely the (center line of the arch. 

Slope of water face was found to be 50° from liorizontal for dams 50 to 
75 ft. high, and nearer 00° for less heights, to produce minimum volume of 
dam, (45° has been used in Mi(diigan.)2i 

Arch thicknesii can Ix^ found j)reli min aril y by cylinder formula (see p. 136). 
(Ice and earth pressure's arci generally luiglected, l)ut were considered in th(5 
Suorva Lakes dams, Lapland.72) This imdliod generally yields a tliickness 
inadequate lj:)r stiffness, wat<u*tightness, and f/icility of construction, and 
designer must rely on judgment. To j)rocure watcirtightiujss, the water faces 
are generally treatcxl with gunite, or faced with rich mortar. 

Central angle sliould api)roximate 133J° (see j). 130); a variation of 15 
. per cent, does not increase voliuno by monj tlian 2 per (Hint, and is permissible 
to meet conditions. 

Upstream, radias is fixed when central angle aiid s|)an are established. 
Keep this radius constant throughout, lladius is n)easm‘(‘d in same plane as 
central angle. 

Arch Ring Analysis, The inclinati<?n of the arcluis makes stresses com- 
pressive under all conditions of water load, but tensiki stresses caused by rib 
shortening and teni})erature changtis reejuire tiic use of reinforcement. To 
avoid confusion, ‘barch ring” will be taken normal to the oblique axis. 

Ring. The extreme u|)|)er and lower ends of the arch barrel cannot be 
rigidly analyzed, due to foundation and (;rest influences. AVeiglit of barrel is 
carried partly to the buttresses and partly to the foundation; the former is in 
ratio of iv cos 0, where 0 is angle of barrel axis with horizontal. This must be 
combined with the water load to get normal loading for the arch analysis. 
(Some d(^signers add this to water load; otlu^rs consider it acting normal to 
face of abutment, and use resultant.) The loads established, investigate the 
arch by the well-known elastic theory.* Be sure to include fib shortening and 
temperature effects in computing stresses. For a more c.romplete discussion 
of this mooted question, see ^bStresses in Multiple-arch Dams,” by ‘B. F. 
Jakobsen, T. A. S. C. E., Vol. 87, 1924, p. 276. 

Buttress Design. Establish trial dimensions from existing structures. 
Upstream face must be wide enough to accommodate the abutting arches. 
Method of tying reinforcement of arch into the buttress has been patentedlby 
Jorgensen. Adequa1;e struts well distributed are needed to prevent buckUng;' 

* See “American Civil Engineens Handbook,*’ 4th cd., 1920, p. 737. i 



Table 45. Dimensions of Multiple-arch Dams, Ft 
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Below El. 175. 

Outside of double walls which arc l.-i thick at top, 5.0 at base. 

Tidone ^prrage, Italy, is 170 ft. high; see E. N. R., Oct. 29, 1925, p. 710. 
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this disadvantage of this type was met by Noetzli at Horseshoe^® by the 
use of cellular buttresses. S^bility of buttresses should be investigated 
graphically. Distribution, of foundation pressures should be carefully analyzed 
to avoid crushing at toe. Methods are indicated by discussions in E, N. R.y 
Apr. 13, 1922, p. 623; June 15, p. 1009; July 13, p. 78; and Sept. 14, 1922, p. 
451. In Michigan, spread footings have been employed on clay.^i 

Failure of Gleno Dam.38 On Dec. 1, 1923, a multi pi e-afch dam failed in 
North Central Italy. Height 143 ft., arch span 26.25 ft., center to center 
buttresses. Built on masonry base, as original plan called for gravity dam. 
Of 25 arches, 9 failed, together with buttresses. The failure is charged to 
shear of poor concrete in buttresses and inadequate design of base. Examina- 
tion indicates the following faults: (1) failure to cut footings in rock for 
buttresses; (2) use of improper materials and lack of inspection of them; (3) 
poor mixing and lack of inspection of concrete; (4) use of unwashed aggregate; 
(5) lax inspection in pouring concrete; (6) failure to ram concrete in forms; (7) 
generally incompetent direction and supervision. 

Flat-slab dams, evolved from the low wooden dams, consist of an inclined, 
reinforced-concrete slab supported by buttresses, beams and buttresses, or 
columns. Spans vary from 15 to 30 ft. — about 70 per cent, of those of multi- 
ple arches— so that more buttresses are required. Overflow or non-overflow 
sections may be designed. Some designs involve pre-cast slabs to obviate 
water-control difficulties during construction. High buttresses must be 
braced by struts. On poor foundations a base slab, properly vented to 
minimize uplift, can be used to distribute prt^ssures. Dams of this type 
have been used on clay .2 j Foundations are as important as with other 
types. Failures at Stony River, Plattsburg, and Austin, Tex. (see bibliog- 
raphy p. 146), are laid to the foundation rather than to the type of struc- 
ture. J. K. Finch^® points out the danger of sliding, which can be met by 
the use of cut-ofT walls such as were Uf?ed to stabilize Stony River dam when 
rcconstru(;ted. At Cisco dain,4i sliding on clay was prevented by a reinforced 
concrete cut-ofT wall tied into the face slab and ridges projecting 5 ft. below 
the base slab. 

The Ambursen Company, New York, holds many patents and has 
constructed over 160 dams. Notable Ambursen darns are: (jluayabal, Porto 
Rico, 115 ft. high and 2000 ft. long; Oklahoma City W. W.,* 55 ft. high and 
1800 ft. long; Arkansas Light & Power Co., Hot Springs, 75 ft. high and 1000 
ft. long; Estacada, Ore.®^ 76 ft. high and 405 ff. long. 

Advantages, More economy and safety than in the ‘‘gravity^' type for 
dams of low or medium height.2e Opportunities for flexible arrangements in 
stream control are a valuable advantage; numerous contraction joints divide 
the work into easy construction stages, reducing cost of plant and construction. 
Inclined ideck utilizes stabilizing effect of the pressure, which, in a solid 
gravity dam with nearly vertical upstream face, acts wholly to displace 
the dam; ice thrust is eliminated by flat slope of deck; long base provides 
twice the safety against overturning, compared with ^‘gravity” dam, and the 
safety increases with the flood height; statically determinate stresses^s lessen 
waste of material due to uncertainties; uplift pressure eliminated by weep holes 

* A spillway section designed for 15,000 cfs., safely carried 60,000 cfs. in October, 1923. 
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in the floor; accessibility for inspection; construction problems minimized as 
the type fits any foundation condition, and water control and river closure 
costs are small; construction time is 66 to 75 per cent, that of gravity dam 
(Ellsworth dam, 65 ft. high and 500 ft. long was built in 9.2 months) ; materials 
are 35 to 45 per cent, of gravity dam;"' costs 65 to 85 per cent, of “gravity^' 
dam; tested b}^ 21 years^ use. Alterations in 1924 to dam at Ellsworth, 
Maine, showed the steel in the slab to be free from corrosion after 17 years. 

Arguments against flat>slab type, for Black Canyon dam®® by engineers 
of U. S. Reclamation Service: Drum gates, selected as the most suitable for 
passing the heavy ice flows, would involve complications and costly fastenings 
to the slab type; severe frost action* would injure thin, reinforced concrete; 
conditions were favorable for mass concrete. 

Stresses, Ambursen Practice. Stresses in deck slabs, which are designed 
as simple beams, are based on 650 lb. per sq. in. compression in the wncrete, 
16,000 lb. per scp in. tension in steel, and maximum shear in concrete, 60 lb. 
per sq. in. Concrete in buttresses is limited to a compression of 210 lb. per 
sq. in. and there is no tension. f 


Bibliography of Flat-slab Dams 

Stony River, W. Va. Cotiatrucfion, CJ. H. Baylcs, E. N., Jan. 22, 1104, p. 20t’. Failure, tbul, 
p. 211. Itoconstrurtion, F. W. Scheidenhelin, 7’. .4. .S’. C. E., Vol. 81, 1917, p. 907. Mathis 
Dams, Ga. E. Eauchli, E, N., Sept. 16 and 23, 191.5. Austin, Tex. F. S. Taylor, E. N.^ June 3, 1915, 
p. 1089. F. S. Taylor, E. C., May 26 and Juno 2, 191.5. D. W. Meude, Report, 1917 (see E. N. li., 
Feb. 21, 1018). Plattsburg, N. Y. E. N., June 8, 1916, p. 1106. 

OVERFLOW DAMS: WASTE WEIRS 

Forces Acting. Forces tending to destroy a waste weir or overflow dam 
are: (!)• Water pressure due to («) ^static head; (/>) velocity of approach, 
considered as parabolic function varying from 0 at bed to G ft. per sec. at crest, 
and assumed to exert a horizontal pressure only; (c) buoyance (under base), 
considered to have parabolic distribution from 0 at toe to xiressure due to 
full flood head at heel. (2) Silt pressure. (3) Icc thrust. (4) Wave imiiact. 
(5) Impact of floating objects. (6) Vacuum effect under falling water. 

(7) Frictional effect of overfalling water in contact with downstream face. 

(8) Wind pressure. (9) Crushing of foundation.^2 

Forces tending to hold the structure to ‘position are: (1) Weight of 
masonry, acting by gravity alone. (2) Inertia of cross-section. (3) Silt and 
water-pressure on battered heel. (4) Weight of overflowing water.' (5) 
Pressure of backwater on toe. (6) Cohesion of masonry. (7) Mechanical 
bond at base.'*^ 

Desirable features in a spillway dam and channel are: (1) downstream 
face a smooth ogee, or else so stepijed that water is broken by falling from step 
to step.J (2) Straight plan.§ (3) Unbroken crest,’ shaped to ednform to 

♦ A flat>sUb dam built in 1917 in the high elevations of the Sierras was so badly damaged by 
frost that it had to be converted into a semigravity typo. 

t For design methods, see Beardsley, E. N., Apr. 23, 1908, p. 452, 

t See last paragraph, p. 147. ^ ^ 

i S. H- Woodward designed Cherokee dam curved in plan to fit rock foundation economically 
and to increase spillway capacity so as to discharge 200,000 sec. ft. 
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the lower nappe for the maximum flood. (4) Easy curve joining downstream 
face to floor of channel, or a receiving pool of adequate depth. (5) Channel 
width same as spillway for a distance sufficient to permit the full development 
of the normal jump for ogee face. (6) Floor of channel near dam nearly 
level throughout. (7) Water taken in a single fall along the entire crest. 
(8) Proportion channel to keep the jump near toe of dam.^s 

Vacuum Effects on Ogee Face. According to G. S. Williams, experiments 
on a small model showed reduction of atmosplieric pressure of one-sixth 
atmosphere (about 2.5 lb. per sep in.) at the toe of an overflow dam, due to 
partial vacuum under the falling water. Tests were on a model 8 ft: high, 
with 2 ft. of water on crest. He estimated that this pressure might equal 
12 lb. per sq. in. for a high dam.42 The partial vacuum between water sheet 
and face of Sudbury dam e3ngendcred by an 11 -ft. fall, sets up atmospheric 
waves that rattle windows to a disturbing degree a mile distant.43 Air is 
supplied to downstream face of an ogee type daiti built by Tacoma Light & 
Water Co. across Green lliA^cr, Wash., l)y 8-in. sewer i)ipes 20 ft. on centers 
extending from apron to air supply ]>ipe, parallel to crest, leading to atmos- 
phere at al)utments. Maximum section of dam is 10.18 ft. higli, with base 
widtli 24.10, designed for a fac^tor of safety of 2.78 under 15-ft. flood head. 
Length of overflow, 150 ft.44 Like i)rovisions in Pedlar River dam, .p. 171. 

Design methods follow in geiuTal those outlined on p. 182. 7'’he first step 
is a tentative design for shape of crest and downstream face. Precedent as 
exemplified on p. 108 to 187 is helpful. For a mathematical discussicin of the 
shape, and for design methods, the reader is referred to “ Engineering for 
Masonry Dams,” by W. P. Creager (John Wiley & Sons, Ijic., 1917), It is 
essential to reduce vacuum effects and so to shape the “bucket” that the 
discharge of water from the foot of the dam is facilitated. On Ifolyokc dam 
(see p. 171) with a 4-ft. head on crest, the falling water is in contact with the 
face from crest to toe. This is true up U) a head of about 5 ft., beyond which 
the surfaces of the sheet becomes so rough that it is not i)r)ssible to investigate 
the contact. Where the foundations are (luestionablo, Hickman advocates 
horizontal aprons tangent to face curves at low(\st points as better than 
“uplift,” to give protecjtion against erosion beyond the apron. Uplift causes 
water to strike another blow. To restrict overflow so that the ends of the 
dam would not be endangered, diversion walls (converging from 485 ft. spacing 
at crest to 185 ft. at “bucket,” were built on the downstream face at Eel River 

dam.47 • 

Meyer^o investigated the path of the water on an ogee face and found that 
where the backwater is lacking at the foot — the general case — there will bo 
no body of water to absorb the velocity of the rapidly moving sheet. Ho 
proposes the usual crest shape, and the j^rovision of a hollow bucket to provide 
sufficient back pressure to absorb the excess energy. (Patents applied for). 

To avoid the excessive velocities at the base* of the face, some engineers 
prefer ‘^pounding out” the energy by a series of steps. Pedlar River, Gilboa, 
Crosswood and Roseberry in Scotland, and Urft in Germany are among 
the dams with stepped spillway faces. No principles for their design appear 
to have been formulated; at high heads (great depths on crest), the veloc- 
ity of approach sends the water out to form a nearly uniform sheet rather 
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than a series of cascades. At low heads, the designer may investigate each 
step as an independent drop. German engineers use Kutter forTrnula.-^sb 
Continual impact on the stepjs is hard on materials, but the wear depends upon 
constancy of overflow, as in a river where storage behind dam is relatively 
small, or the infrequency of overflow, as in a small stream where storage is 
relatively very great. At Gilboa the steps are faced with native sandstone. 
Tests were made on small-sized models in connection with this design. ^5 c 

Water Cushions for Overflow Dams.^s Width of floor of cushion depends 
somewhat on section of dam, but need not exceed 8\/Dw, and should not be 
less than dams with a vertical drop and a horizontal apron on 

same level as toe of dam, this masonry apron should be formed of fairly regular 
blocks of stone or l\)rtland cement concrete, the width varying as just given, 
and the thickness or depth of stone from i{H + Du) to {(H + Dw). 

I) = C^/nWlK- 

D = depth of cushion below top of sul)sidiary weir, see Fig. 44. 

C = coefficient, dependent upon material used for floor of (riishion; it 
varies betw’oen 0.75 for compact stone, and 1.25 for moderately liard 
brick ; 

II = height of fall, from surface to surface; 

Dw = maximum depth of water to pass over crest. 

Greatest depth of hole formed by the waterfall in 
tlic new outlet to Mudduk Masur Tank (reservoir) 
is 24 ft. In ordinary stages of the river, the gen- 
eral depth of the cusliion is to the height of fall 
as 3 to 4 where greatest action occurs, and 1 to 2 
in other places.* 

An experimental fall on Bari Doab Canal (India) 
had a height of 6.9 ft. and a depth of well of 9.0 
ft. and 3.6 ft. on crest, which gives depth of well 
Tlie water had no injurious effect on bottom of well. 

Periyar dam {India) tvasie weir. Head on sul)sidiary weir one and one- 
half times liead on main weir. Fall from surface to surface varies from 24 to 
30 ft., and depth of cushion from 10 to 28 ft. (See p. 182 for section of Periyar 
dam.) 

The materials of an overflow dam and of the channel below it are subject 
to the extremely erosive actions of water, floating ice and logs, and should be 
selected and j)laced to afford maximum resistance, f Wigmore reports green 
concrete 3 days old submerged by a flood 5.5 ft. deep49 over the uncompleted 
dam without injury; not more than 2 in. was washed off the top. According 
to Lauchli,®® the following defects in construction methods assist erosion: 
(1) leaky forms; (2) planes at end of day's work; (3) horizontal lift joints; (4) 
vertical joints at butting surfaces of forms. Slight surface irregularities 
always furnish points of attack. 

* HoJos of appreciable depth have been worn by tlie overfall at both Keokuk and Hale’s Bar 
dams. 

1 also p. 797. 
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Fig. 44. — Periyar dam 
waste weir. 


to height of fall as 3 to 4. 
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DAMS AND WEIRS ON PERVIOUS tQUNl!)ATIONS 


Dams on pervious foundations are generally low diversion dams which turn 
water into a canal. In India, height seldom exceeds 12 ft. from river bed to 
crest; some American dams exceed 20 ft. The pervious substrata render the 
sites unsuitable for storage. Among the types developed for such sites have 
been all the forms of hollow dams* as well as the types used in Indian irrigation 
practice (Figs. 45, 47, and 52, and described below). Diversion weirs have 
been founded on sandy bottoms also in Egypt and in Western United States 
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Fio. 45 . — Narrorji type of weir on pervious foundations. Parts and dimensions. 


(Fig. 53). The Ohio River Hoard suggests founding on ])iles.5^ Names of 
the parts of g diversion weir are given in Fig. 45. 

Destrmtive forces, peculiarly menacing in this tjq^e of darn, are: (1) Percolat- 
ing water in pervious substratum. (2) Upward hydrostatic i)ressure on thin 
fore apron t (see also p. 119). (3) Impact of overflowing water. ^Tn spite of 

destructive influence of a large river in high flood and erosive action on its 
sand foundations, it is quite practicable to design a work of such outline that 
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(If curtain is y deep lenqth of percolation - 2y. Therefore 

(Same structure 


“Influence of component parts on hydraulic gradient 
as Fig. 45.) 


it will successfully remain as solid and permanent as one on bed rock’’ (Bligh). 
A weighty structure on a permeable, unstable substratum to which water has 
access, resists these hydraulic forces in two ways: Compression and retention of 
sand in situ retards erosion; weight of structure resists uplift. Impact of 
overflowing water is resisted by water cushion and its erosive action by fore 
apron and talus. 

Percolation Factor. If velocity of percolating water can be sufficiently 
reduced, scouring or undermining will not occur. (For lists of scouring 

* The requirements of a broad base makes one of the hollow typos with foundation slab particu- 
larly suitable. 

t Col man found that physical characteristics of porous substratum have little influence on 
the upward pressure. Hydraulic jump may add to the uplift tendency. See E. N. K , Apr 26 
1918, p. 831. . I- • . » 
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velocities, see p. 106.) Velocity of percolating water = constant X 
slope. (See p. 78). We can write: Safe velocity = K X H L, Or L = 

* K * 

sSe v^ocTty ^ Substituting C'; called “the percolation factor,^’ for 

K. 

^e~^iocity Bligh’s equation: L == CH. Values of C arc naturally 

dependent on quality of sand; those in Table 46 are based on practic(j, chiefly 
in India and Egyi)t; for method of fixing, see p. 155. 

Table 46. Values of Percolation Factor, C, for Dams 74 


Miitcriiil Clans C 

Light silt and sand (60 per i^ent. passing lOO-mx^sh sieve) as in 

Mississippi and Nile rivers 1 18 

Fine micaceous sand (SO -per cent, passing 75-ine.sh sieve) as in 

j Colorado and Himalayan rivers H 15 

Coarse-grained sands, Central and South India* Ill 12 

Boulders or shingle and gravel and sand mixed IV 9 to 5 


•Most river bods beloiiK to tliis clas.s. 



weir, Burmah; Laguna weir, U. S. Reclamation Service. The theory devel- 
oped for dams with impervious floors (see p. 153) applies likewise to per-, 
vious floors.. The annicut type is adaptable to the fmes.t sands. Where rough 
materials and unskilled labor are plentiful, there is economy in this type; the 
only masonry in mortar is in the weir wall and cut-off walls. /Maintehanqe 
cost is excessive due to settlement of fore apron. In 20 years, Godaveri^weir 
.has required for maintenance nearly as much material as first used. The fore 
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apron encroaches on the waterway of overflowing water, cj^using higher veloci- 
ties, and greater tendency to erosion. Okhla (Fig. 52), has had velocities as 
high as 18 ft. per sec,, measured 20 ft. downstream: from weir wall. Same 
flood would cause 8 ft, velocity in Narrora type. 

A second type is represented in Figs. 45, 48 and 49. The design of the 
low weir wall itself is of minor consequence; the important part is the apron. 
Figs. 53 and 57 arc American examples of this type.* The weir wall of 
Granite Reef weir is weaker than in Indian designs (Fig. 48), but the fore 
apron is stronger. For hard-pan, clay, or firm gravel, this type is suitable. It 
is exi^ensive to build, on account of quantity of masonry in weir wall and fore 
apron, but is least costly to maintain. A large waterway for overflow is pro- 
vided. In some dams, waterway has been sacrificed to save masonry by 
laying fore apron on river bed, thereby decreasing the bursting pressure on 
it, utilizing the unsubmerged weight of the materials to resist the worst con- 
dition of bursting pressure (i.e., no water flowing over to offset upward pres- 
sure), and doing construction work in the dry. Cost of unwatering and 
scarcity of materials near site made Narrora weir, of this type, cost twice 
Okhla weir (Fig. 52), which is of the first type. 
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Fig. 49. — Narrora weir, after repairs. 


Merala type (Fig. 47), is ada])table to finest sands; it offers little obstruc- 
tion to passage of flood waters, but n'stficts chanind, just as Okhla type does. 
As most of the fore apron lies close to hydraulic; gradient (compare Fig. 46) the 
thickness of the expensive part can be* reduced, as explained in next paragraph. 
Also some wet construction can be eliminated. This is the usual type in 
Punjab and North India (Parker). 

Hydraulic gradient is shown in Fig. 46. Ordinates below hydraulic gra- 
dient represent pressures on structure below. Gradients shown in Figs.. 46, 48, 
49, 53 and 55 are not exactly true, as no allowance for entry loss has been made. * 
This loss is considerable (see ^‘The Action of Water under Dams,” by Colman, 
T, 4. S, C. E., Vol. 80, 1916, p. 421.) Since L ^ C X H, H ^ L ^ C. To 
compute the neutralization of head due to traveling a distance = 2y, divide 
by ( 7 . In Fig. 46, m = 2y -r- C. Likewise, k = z C. Were there no bar- 
rier to water passage but a vertical wall at r and flooring at elevation 10, flooring 
length L (Le., length of enforced percolation), must be C X , extending to U. 
Obviously, we can provide substitutes for this excessive horizontal distance. 
This has been accomplished by use of sheet piling, or wells. Tests in India 
have shown that water will follow down and up the sides of an impervious vertL 
cal qbstruction, traveling a distance 2y to pass an obstruction of depth 

♦ American practice retains the ogee face, which has been discarded in India because of high 
veldedty with which water leaves it. • 
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so that value of vertical obstruction is twice that of an equal horizontal length.* 
This does not hold good if two cut-offs be spaced closer than twice the depth. 

Rear Apron. As shown in preceding paragraph, rear apron can be as 
effective in cutting down bursting pressure on fore apron as is piling. The 
rear apron must be impervious to enforce percolation beneath it; there must 



Fig. 50. — Repairs to Grand Barrage. 


be a watertight connection with the weir wall. Tin perviousness can be 
gained by use of a clay bed or silted riprap. Since there is no unbalanced 
pressure, materials need not be of the best; nevertheless, practice calls for not 
less than 4 ft. thickness. Top of apron should be protected by jiaving against 
scour by velocity of approach. If rear apron fails, as at Narrora, undesirable 



and whole work grouted; 13 ft. head of water was held back after repairs; 
barrage was useless before. The apron was designed on theory that the 
effective weight of the curtain when submerged should be sufficient to neu- 

* In his earlier studies in “Practical Design of Irrigation Works,” Bligh assumed that water 
traveled a 45-deg. path through the sand to reach the bottom of the obstruction. -Later tests 
caused him to modify his view. Tests by Miami Conservancy District®* indicate that 2y is too large 
a value, although not greatly in error. 
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tralize the uplift completely. Uplift was estimated fromOkhla data. Ignor- 
ing effect of the old wooden piling (as probably permeable) the ratio of enforced 
percolation L to head Hy = 238 -f* 13, or about 18. This corresponds to 
value of C assigned in Class I, Table 46, and gives an inkling to process of 
fixing these values. In Zifta regulator (Fig. 61), tight piling makes total L =* 
215 ft. Head being 13.1, C = 16.4. In Assiut regulator, L ~ 241, H = 
11.5, so- (7 = 21. Level of rear apron is not dependent on that of fore apron, 
although they are often put at same elevation. Rear apron at crest level 
interferes with discharge. 

Curtains, or sheet piling, also have their influence in cutting down pressure 
on the fore apron. Local economics must dictate depth of these curtains. 
For each case, designer must balance reducing depth of piling against extend- 
ing rear apron upstream. Colrnan’s test on a small scale iriodeli^ to follow- 
ing conclusions; (1) Piling at heel of dam reduces pressure on floor, and piling 
at toe increases it; (2) piling at heel, to be effective, must be tight, small 
leakage destroying its action; (3) piling at toe should be loose, to prevent 



Fkj. 53. — Granite Reef weir, Salt River project, as l)uilt by U. S. Reclamation 

Service. * 

increasing pressure on the floor; (4) an impervious cut-off wall at heel, of 
comparatively shallow depth, say 5 ft., will greatly increase stability by 
reducing upward pressure on the floor. The piling at toe, termed “terminal 
curtain” in India, is considered essential by some engineers, to prevent dis- 
placement or undermining of fore apron, in case tal us is washed away. Parker^® 
questions the efficacy of deep piling, believing that apron construction is 
better than piling, for neutralizing head, but admits that it cannot be })roved. 
Prior to 1870, no weir was built without a curtain of wells of square blocks, t 
Bligh says: “Although" their value from hydrostatic point of view was not 
known, it was felt they were an indispensable adjunct.” When Okhla weir 
(Fig. 52) was built without curtains, precedent was violatf?d. Failure was 
predicted. This has not happened; 13 ft. head is stored. J . 

Fore apron protects the bed from scour of overflowing waters; it must 
resist uplift from water percolating beneath dam. The length is a matter of 
judgment. Based on Indian, practice, Bligh proposes as least length to give 
protection against erosion: W = S^/CH^ (see Fig. 45). Parker suggests 

* Floods damaged' the fore apron in an area 75 by 540 ft. wide, and concrete 6 ft. deep wfts 
substituted. 

t These would be termed “cut-off walls” in American practice. 

i Okhla weir passed a record flood in Sept , 1924 and is considered ‘ ‘perfectly secure.” (Cbr- 
respondence with Dept of Industries and Labour, Government of India.) 

• i “Cyclopedia of Civil Engineering,” 1916, In 1907, in “The Practic al Design of Irrigation 
Works;” also in B. JNT., Apr. 13, 1911, Bligh proposed W « 4CVh + 13. The revised formula 
give$ materially smaller values for W with same values of C. 
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W s* 3// in clay or^weak rock. With no flow over weir, fore apron launder 
unbalanced hydrostatic pressure. This upward pressure is resisted by the 
weight of the material. Since fore apron is generally submerged, submerged 
weight must be used in calculations. In Fig. 46, fore apron at foot of weir wall 
has to resist an uplift = // — (A; + m), nearly. If expressed in pounds, this 
uplift per sq. ft. = .62.5 {H -- {k + m)). Weight of submerged material, 



Fig. 54. — Granite Roof weir, as proposed by Mr. Bligli.* 

t ft. thick == I (p — 1) X 62.5 per sq. ft. p — specific gravity of the masonry, 
generally 2.5. Ktiuatiiig these: f == (// — (k + m)) -r- {p - 1). It is custom- 
ary to make weight one-third greater than actual requirements, so t 4 (// — 
{k + rn)) -i- 3(p — 1). Parker incorrectly figures hydrostatic uplift = ordi- 
nate from hydraulic gradient to bottom of apron. Fore apron can be given 
trajiezoidal section corresponding to diminution of water pressure, as in Fig. 45, 
to save materials. Bligh advocates minimum thickness of 3 ft. Etcheverry^^ 
recommends at least 1 foot of concrete for low falls; 2 ft. for falls of 20 ft. or more. 

Any extension of the impervious fore apron beyond actual necessities is 
to be deprecated as increasing hydrostatic pressure. On bowlder bed, the 
fore apron can be made pervious by leaving spaces between the blocks of 


\Ny( 

r 


f< / 64 ' >|<— //9' — > 

\Hyc<fr<!*u/fc Crcfpf/ept 75 / 

2.5'Uip/ifY-Y % 
on Floor | ^ 

Fkj. 55. — Design on a Class 1 sand. 


concrete of which the floor can' be built. This will necessitate a correspond- 
ing increase in length of rear apron to compensate for reduction in length of 
enforced percolation, so that it is of doubtful utility. With sand foundation, 
such construction w(mld not be practicable, as sand would be carried through 
the open spaces. In some weirs the fore apron is raised above low water level 
to avoid wet construction; riprap (talus) then will slope down to that level or 
below. 

Failure and repair of Narrora weir at head -of Lower Ganges Canal, India. 
Figure 48 is section, as originally constructed. Ratio of head to length of 
enforced percolation, including effect of circular undersunk wells considered 
tight, was 144 to 13 or 1 on 11. If fore curtain was not tight, the gradient was 

* Letters patent. (914,559) for a similar structure were issued to W. G. Fargo in 1909 
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steeper. The structure stood intact for 20 years, alwayslin unstable equilib- 
rium. The Jore ' apron must have been in high tension. Shortly before 
failure, borings revealed the fact that the floor was entirely undermined, and 
was supported against collapse only by hydrostatic pressure. After a heavy 
freshet in which the rear apron was washed out, the hydraulic gradient steep- 
ened to 1 on 9.5, and 350 ft. of floor was blown up (March, 1898). Repairs, 
(Fig. 49), lengthened the rear apron to 80 ft.; weir, floor was built thinner, of 
heavier material, and weighted by mass of material above original floor level, 
so that its weight in air was effective in resisting worst condition of uplift. 
The length of the impervious fore apron was reduced, thereby decreasing 
uplift. Percolation factor in new structure was increased to 15.7. Expe- 
rience with Egyptian barrages and Narrora weir shows that a weak structure 
can always be strengthened by extending rear apron. 
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Ficj. 56. — Tyj)ical fla.s]il)oard (shutter) installation, 

(From “Fiigiiu‘(*ririg for Miinoiiry Djuiih,” by W. P. Creager, pago 224 (J.Wiloy & Sons, Inc., 1017).*) 


Chenab River weir was built on same class of sand as Narrora. After 
years of insecurity it collapsed by undermining, with gradient 1 on 8.3. 
Repairs lowered gradient to 1 on 16. 

Talus. Beyond the impervious fore apron, riprap, or stone pitching, is 
necessary to prevent erosion by overflowing water, BHgh proposes as dis- 
tance to end of talus from toe of weir wall, an empiric formulaf based on* 
Narrora conditions. * 

T = -r 10 X -r- 75 = 0.367 (for Mcrala type, use 

■ O-SOCv^g). 

Rh = height of weir or drop wall above fore apron (10 ft. at Narrora); g is 
discharge over weir in cfs. (75 cfs. at Narrora). Table 47 shows consonance 
of this formula with practice. On clay or weak rock, Parker recommends T 
~ 6H, On other foundations, he uses Bligh's formula. In case talus lie» 
within area of enforced percolation, as happens in ‘Okhla type, uplift i$ 
resisted, by weight of riprap, corrected for submergence, where necessary, aud 

* See JTbwi., p. 225, for derivation of diameter of pins, stressed tojsay two-thirds of elastic limit 
when pond is at full storage level. A 

t Ba^ on theory that T will vary with square root of height of obstruction gbov? low water 
with square root of unit flood diseharge over weir crest and with C. * 



156 WATERWORKS HANDBOOK * 

allowing for void sjiaces. The talus should be 2 to 6 ft. thick, a matter of 
judgment according to materials. Continual maintenance is necessary. If 
ogee type of overfall is used, Parker recommends a paved talus of closely 
fitted concrete blocks as at Granite Reef. 

Table 47. Actua and Calculated Distances of End of Talus from Toe of Drop 

Waliei (Bligh) 


Kiver 

Nann? of w»‘ir 

Typt* 

1 

! ^ 

//6t 

1 

Qt 

Distance, Ft. 

Calculated! Actual 

Ganges 

Narrora 

B 

15 

10.0 

75 

150 

140-170 

Coleroon . . . . 

Coleroon 

B 

12 

4.5 

100 

92 

72 

Vellar 

Pelandori 

B 

9 

11.0 

100 

108 

101 

Tampraparni 

Srivakantham .... 

! B 

12 

GO 

90 

102 

106 

Chertab 

Khanki 

A1 

15 

7.0 

150 

182 

170 

Chenab 

Merala 

A1 

15 

7.0 

150 

182 

203 

Thelum 

Rasul 

AI 

15 

6.0 

155 

160 

135 

Penner 

Adimapali 

A1 

12 

8.5 

184 

172 

184 

Penner 

Neff ore 

Al 

12 

9.0 

300 

228 

232 

Penner 

Sangam 

AI 

12 

10.0 

147 

168 

145 

Godaveri. . . . 

Dauleakeviain. ... 

Al 

12 

13.0 

100 

153 

217 

Jumna 

Okhla 1 

1 ^ 

15 

10.0 

140 

210 

210 

Kistna 

Beswada i 

A 

12 

13.0 

223 

236 

220 

Son 

Dehri 

1 A 

12 

8.0 

6G 

100 

96 

Mahanadi, . . . 

Jobra. 

! A 

12 

100.0 

140 

163 

143 

Madaya 

Madaya 

A 

12 

8.0 

280 

207 

235 

Colorado 

Laguna 

A 

15 

10.0 

Below 

Min. 

140 

200 


t Feet, t Cj's 
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Fi( 3. 57. — Design of dam for Burmus Paper Co., Inc., West Dudley, Mass. 

(John H. Gregory, Consulting Engineer.) 


Shutters. Most weir crests are provided with collapsible crest shutters, 
often 3 to 6 ft. deep. This enables the permanent crest to be kept low, offer- 
ing less obstruction to floods. Shutters increase the static head, maximum 
being when upstream water is at shutter crest, downstream channel empty 
(Fig. 56). ' 
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Procedure in Design, Given head, H — 13 ft., and Oand at site of Class 
I (Table 46) ; Length of enforced percolation, L C X H =18X13 = 234 
ft. This .must be made up by fore apron, piling, and rear apron. Length of 
fore apron must be = 3^CH = 3\/l8 X 13 = 46 ft.; 18 ft. sheet-piling is 
available; percolation length = 36 ft. Length to be made up by rear apron = 
234 — 36 — 46 = 152 ft. (Generally, local conditions will dictate economy 
in long piles or in long rear apron.) Distance to end of talus, if Hh = 10 and 

152-4- 36 

q = 150, = 254 ft. Maximum uplift on floor =13 = 2.56 ft. 

(Fig. 55). < = 3 X = 2..3 ft. 

Earth Pressures, Distribute load of structure so as not to overload the 
foundation. Parker suggests as safe: 1 ton on fine Nile silt, 2 tons on coarse 
sand, 4 tons on clay. 

Bibliography, Dams on Porous Foundations 

A. L. Harris: “The Diversion of Irrigating Waters from Arizona Streams" T. A. S. C. E., Vol. 
77, 1914. W. G. Bligh; "The Practical Design of Irrigation Works,” 1907 (Van Nostrand); 
“Cyclopedia of Civil Engineering,” 1916, Vol. 9 (Am. Tech. Son.); E. AT., Dec. 29, 1910, and April 
13, 1911. Parker: "Control of Water,” 1913. Buckley: "Irrigation Works of India,” 1905. B. 
A. Etcheverry: “Irrigation Practice and Engineering,” Vol. 3 (1916) (McGraw-Hill Book Com- 
pany, Inc.) S. V. Kanagasabai Pillai: “The Design of Ma.sonry Weirs,” 1920, the Author, Mad- 
ras. Blanchard:* “Floating Dam on Gila River,” E. N. R., Nov. 16, 1922, p. 824. “Repairing 
Laguna Dam on the Colorado,” E. N. R., Dec. 18, 1924, p. 1002. 

CONSTRUCTION 

On this large and special subject but a few notes can be given. The reader 
is referred to various books, notably ^^Tlie Construction of Masonry Dams,^^ 
by Chester W. Smith, 1915, and ^Mrrigation Works, by A. P. Davis, 1917. 
The chief concerns of the designing engineer are water control, procuring 
of materials of construction and laying of masonry in such an order that Cracks 
are minimized. For ‘M<\)undation.s,^^ see p. 125. 

Openings through dams near the base for temporary tunnels for the 
stream or roads or permanent large pipes cause undesirable concentrations of 
pressures, where pressures are naturally of maximum value. These openings 
should be carefully looked after in design, construction, and maintenance. 

Water Control during Construction of Dam. To dispose of the stream or 
other water occupying a dam site much expense and ingenuity are often 
demanded. A stream may be diverted through tunnel, flume, pipe, or tern- ' 
. porary channel, or may be carried across the fcundation X)it in pipe or flume. 
Quantity *of water, character of stream, and nature of site will dictate the 
method. Cofferdams are usually required in connection with carrying the 
stream across the pit, and diversion dams for most schemes of diversion. 
Pumping is always necessary to care for ground water, and leakage past the 
.temporary dams, and from the pipe or flume. Sometimes a succession of 
cofferdams is used, each unwatering a portion of the site and forcing the stream 
into the remaining portion of its channel. Naturally seasons of low flow are 
chosen for such operations. In the masonry first built, special devices are gen- 
erally provided for making a quick closure of the passage or passages finally left 
for the stream. Simple, strong, iron, or wooden sluice, or flap gates are often 
used for the first step and are then quickly backed with masonry , the remainder 
of the filling being built at convenience. Provision should be made for grouting 




Fig. 58, — Stream-'Control opening in Brule dam, closed by needles.** 


below the top. Fifty-eight bags of cement were used for grout in one pipe, 
forty-eight in the other. 

Laying Masoniy. For economy, safety and convenience, with few excep- 
tions, 8 tons should be the maximum weight of stones or blocks used; up to 
16 tons may be handled with unusually large equipment. If a good quarry is 
available near tlie dam site, coursed or random ashlar masonry can be furnished 
and built into the dam almost as cheaply as concrete blocks; a long haul might 
cast thebalancje on the side of the blocks. For massive work, involving heavy 
moldings or deep coves, concrete blocks would effect economy. It is cheaper 
to do cutting when the concrete is green, but preferable to wait until it has 
hardened. 

Face* joints in masonry should be horizontal if the batter is steep, but may 
be normal to the face if the slope of the dam is flatter; however, the contractor 
claimed that the latter proved expensive at Wachusett dam. Joints should be 
filled full to the face when the stones are laid, and properly finished, preferably 
concave. Raking out joints and repointing at a later date does not give such 
good results ai§ the pointing mortar frequently comes out. No case is knowi|l of 
stones having spalled when joints were filled to the face ’when the masonty 
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was laid. Retaining walls in Philadelphia, built by the sai|iLe^Jontractbr under 
two engineers, one of whom repointed, and the other finished joints as laid, 
illustrate this point. Within 1 year after completion, the portion. repointed-# 
*had suffered from frost about 25 per cent., due to mortar being forced out; at 
last reports, the other portion was in excellent condition. 

On the upstream face of Wachusett dam, in addition to ordinary headers, 
(every third stone in every second course), a continuous course of headers was 
laid every 20 ft. to support the stones above; under these courses the joints 
were left open until the dam was built to full height and the rubble interior 
had had a chance to compress. Headers were used in the downstream face 
with the same frequency as in the upstre^ain, excejjt that there were no con- 
tinuous courses. Face joints were raked out and not pointed until the dam 
was nearly completed. 

Cyclopean masonry* is more economical than coursed masonry where good 
rock is not available, although it requires more (cement. Placing cyclopean 
concrete requires use of pre-cast face blocks, cut stone, or face forms, as well as 
cross walls built up in advance to restrict the area of concreting. Riicking 
back, f.e., irregular stepping away from a vertical cross ])lane as the masonry 
rises, produces a tenderuiy to unsightly cracks. Gcaierally, concreting is done 
consecutively between contraction joints. In bonding now work to old on a 
horizontal plAne, wire brushing may be employed, or embedded rocks left 
projecting above the contact surface. ICxperience with the latter on Wanaque, 
N. J., core wall is that temperature movements are restri(;(<(Ml, and there is a 
tendency for cracks to develop. Form work may be saved by use of cantilev- 
ered studding, anchored at lower end by bolts left in the masonry. A sliding 
arrangement reduced handling at La I.outre dam,®^ and on concrete core walls 
in earth dams at Ashokan reservoir. 

Rate of Laying Masonry. On O’Shaughnessy (Hetch-IIetchy) dam, 
average for 16-hr. day in May, 1922, wa^i 1000 (ui. yd.^e At Elephant Butte,^^ 
380,200 cu. yd. were |)laced in year ending Mar. 1, 1915. At Kensico,®* 
489,800 cu. yd. were placed in 8.5 months (Mar. 17-l)ec. 2). At Arrowrock 
Dam, 2174 cu. yd. was average per 10-hr. day in June, 1914.®® 

Concrete blocks for facing provide a satisfactory substitute for forms, and 
improve the appearance. Casting (?an be begun at a near-by yard while 
foundations are being dug so that time is saved. Use a mix of 1 ; 2 % : 5i to 1 : 3 : 5. 
The best finish is obtained by casting the blocks with faces to lie exposed 
down and against a steel plate in the forms. •For Cross River dam, concrete 
weighed 152 lb. per cu. ft.; tlie largest blocks contained 87.1 cu. ft., and weighed 
6.62 tons. Three months seasoning should be allowed; this fact is demon- 
strated by ,thc high percentage of breakage after shorter seasoning; 4.7 per 
cent, of the blocks were rej(?cted. The blocks constituted 11 per cent, of the 
.total mass. Those blocks placed in the zone from 6 in. above full reservoir 
level to a few feet below have been affected by the action of the elements so 
that the original smooth surface has been destroyed, but this injury is superficial 
and negligible. A l:2^:4f mix was used. Similar blocks were used on 
* Gumberland, Croton Falls, Olive Bridge, Kensico, and other important 
dams, for a large part or the whole of one or both faces. Rejections on the 
latter dams were a very small percentage. The course height was commonly 

p. $02. ■ . . i- V -?; 
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2.5 ft. Blocks werf used also for one face of each expansion joint in some 
dams. One or two courses were laid in advance of the cyclopean or. other 
hearting masonry and served as forms for it. Edges of exposed faces of blocks 
should be rounded to a radius of about 1 in. In Olive Bridge and Kensico 
dams very lean, porous, concrete blocks, with 16 in. diam. holes were used for 
vertical .drainage wells near the upstream face. Native stone face blocks 
were used on Gilboa dam. 

Raising heights of existing dams is often required. Often the first con- 
struction is but one stage, and dimensions are based on the full-height struc- 
ture. Sweetwater dam has been twice subject to alterations. In adding 11 
ft. to the Trap Falls dam, Bridgeport, use was made of 6-ft. buttresses on 18-ft. 
centers, bonded to the old structure by mortises 2 ft. X 6ft., and 6 in. deep, 
broached in the existing masonry.®® 

Bibliography of Construction 

“Ashokan, E. R., Vol. fiS, 1911, p. 414. Ba.ssano. E. N., Auk. 37, and Sept. 3, 1914. Caiimrasa, 
Spain, E. N. R., Aug. 17, 1922, p. 260. Don Pedro, E. N. R., June 1, 1922, p. 896. Elephant Butte, 
E, AT./Sept. 30, and Oct. 7, 1915. Gilboa darn, /?. N, R., Oct. 12, 1922. O’ShaiighncBsy, E. JV. R., 
Mur. 2, und Sept. 21, 1922. Kensico, E. R,, .Tan 2, Feb. 13, 1915; E. N., Apr. 9, and May 21, 1911; 
May 21, 1915; Aug. 10. 1916. 


Table 48. State Control of Dams 

(K. B., Jan. 6, 1912 forms l)a.sis) 


State 

Supervisory official j| State ^ 

S 11 1 )er V is( )ry offi ci a 1 

California 

State water commission 
State engineer 

State board of civil engi- 

New Mexico 

State engineer 

Connecticut 

New York 

State engineer 


neers 

Couidy eorninissioiH'rs 
( ■oniinittec of freeholders 

Okhihomu 

State engineer 

Georgia 

Oregon 

State engineer 




Dept, of forests and waters 
Commissioner of dams und 


County commissioners 

County court; laws define 

Rhode Island 

Kansas 

South Carolina . . . 

reservoirs ; appointed 
(‘very 3 yrs. by governor 
Committee of freeholders 

Maine 

methods of construction 
State water storagi* corn- 

South Dakota. . . . 

State engineer 

Massaehusfftts. . . 

mission 

C ou n ty com m i.ssi oners 

Tenn(‘.s8t‘e 

County court 

Michigan ....... 

County board of super- 

Texa.s 

( vou n ty c o ni m i s 8 i o n e r s ’ 

Montana 

visors 

Civil engineer eoinmi.ssiori 
appointed by county court 
State board of irrigation 
Local board of water com- 

1 ■ tah 

court 

State engineer 

Coin mission of three engi- 
neers appointed for spo- 

Nebrjislca.. . 

Vermont 

Nevada 


New Hainp.shire. 

missioners 

Public service commission 


ciftc cases by justice of 
supreme court 

New Jersey 

Board of throe engineers, 

West Virginia. . . . 

Public service commission 


appointed by governor 

I for each case 

Wyoming 

State engineer 


Typical Masonry Dams.* In Tables 49 and 50, following, dams are first 
arranged in classes, overflow and non-overflow, and under the two classes, the 

arrangement is alphabetical. As in, previous tables, use of means 

that the condition does not exist, and use of means lack of knowl- 

edge. ^^Heightf above lowest foundation’’ is exclusive of cut-off trench. 
Sections of most dams are on pp. 168 to 187 in almost the order of the table. 
Maximum pressure is on plane normal to resultant, unless noted otherwise. 
Consult also special books on dams. ‘‘The American Civil Engineers’ Hand 
Book” contains a long list. 

♦ For arch dams, see also p. 139 and p. 144. 

t See editorial, “How High is a Dam,” E. N. ft., Nov. 2, 1922, p. 728. 
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Table 49. Typical Mason^ Dams (Overfldw) 

Dimensions in Ft. 



Austin 
(Colorado 
river) J 

Betwa 

Roonton 

Butte 

City 

Catawba 



Locality 

Texas 

India 

New Jersey 

Montana 

So. Carolina 

Year built 

1891-92 

1888 -97 

1900-5 

1893-95 

1903-04 

Height above stream-bed 

64 


60 . 

101 

34 

Height above lowest founda- 

68 

61.5 

95 

55 

tion. 





585 

Length on top (overflow 

1091 

3290 

300 

350 

section). 

Minimum thickness at or near 

Rounded 

15 

Rounded 

20 

Rounded 

top. 

Maximum thickness at or near 

06 

61.5 

65 

83 

33 

bottom.® 






Radius of upstream faco (if 
curved in plan). 




350 






Flood depth for wdiich de- 


16.4 

5 


20 

signed. 

Character of foundation 

Tiimestone 

Rock lodge 

Shale and 
sandstone 


Granite 

Rind of masonry 

Rubble 

Granite 

Cyclopean 

syenite 

Cyclopean 

Cyclopean 

rubble 


rubVile 

Maximum presFure on heel 






(tons per sq. ft.). 

Maximum pre8.surc on toe 

’ J 


_ 



(tons per sq. ft.) 

Remarks 

Failed, 

Usual profile 
rovorscid so 





under 11.07 





ft. on crest 

that 6’^ over- 






flow would 
clear face 

1 



• 


Has had 16.4 
ft. head on 






crest 




References 

E. N., July 

H. M. Wilson 

Wegmann* 

E. N., 

E. R., July 


11, 1891- 

12th An. Re- 

E. R., A ug. 

Sept. 5, 

23, 1004 



port, U. S. G.j 

8, 1903 

1895; Dec. 




S., 1891 


15, 1892 



Table 49. Typical Masonry Dams (Overflow). {C(mHnued) 
Dimensions in Ft. 


Name 

Connecticut 

river 

Dunnings 

(Scranton) 

Escamiba 

Folsom 

Great North- 
ern Power Co. 

Locality 

Vernon, Vt. 

Pennsylvania 

!Micl»igan 

California 

Minnesota 

Year built 

1907 10 

1887-88 

1910 

1886-91 

1907 

Height above stream-bed 

39 

56 

26 

70 

38 

Height above lowest founda- 

70 

67± 

26 

98 

40 

tion. 






Length on top (overflow 

600 

152.0 

461 

180 

305 

section). 






Minimum thickness at or near 

Rounded 

10 

Rounded 

24 

Rounded 

top. 

Maximum thickness at or near 

33 (a) 

66 

23.3 

87 

42 

bottom. 




• 








curved in plan). 






Flood dejith for which de- 

Sluices 

5 

« 2 

6 

0 

signed. 

in dam 





Character of foundation 

Rock 

Rock and 

Limestone 

Bed rock 

Rock 

Kind of masonry 

Cyclopean 

clay 

Rubble 

Cyclopean 

Granite 

Concrete 


concrete 

masonry 

concrete 

ashlar 


Maximum pressure on heel 






(tons per sq. ft.). 






Maximum pressure on toe 

— 





(tons per sq. ft.). 






Remarks 

Flaahboard 


1-ft. flash- 

Movable 



4 ft. high 


boards. 8" 

shutter 



(a) 2 8' below 


pipes at 10' 

raises level 



top 


intervals 

5 ft. 





drain toe. 



Referenoea 

E. R., 

Trans. Am. 

E. R., 

t Schuyler, 

E. R., 


Mar. 27, 

Soo. C. E., 

May 16, 

p. 264 

Sept, f, 


1909 

Vol. 32, 1894 

1909 


1907 


* Wegmann, “The Design and Construction of Dams.’’ t Replaced in 1914. See E. J®., June 
3, 1915,. showing later design. Also D. W. Meade’s /fcporf, 1917. 

t Schuyler, “Reservoirs for Irrigation, Water-Power, and Domestic Water Supply, 1908. 

** “Maximum thickness at or near bottom,’’ for overflow dams, includes masonry apron, if anyl 
built as part of the dam section. 





162 


WATERWORKS HANDBOOK 


Table 49. f Typical Masonry Dams (Overflow). 

Dimensions in Ft. 


. — {Cmiiinued) 


Year built . 

Heilsht above stream-bed . ! . . 

Height above lowest founda- 
tion. 

Length on top (overflov 
section). 

Minimum thickness at or nea 
top. 

Maximum thickness nt or nea 
bottom. 

Radius of upstream face (i 
curved in plan). 

Flood depth for which do 
signed. 

Character of foundation 


I Kind of masonry . 


(tons per sq. ft.). 
Maximum pressure 
(tons per sq. ft.). 
Remarks 


I References 


Hale’s Bar 

Holyoke 

(New) 

Keokuk 

(Miss. 

river) 

Lynchburg 

'(Pedlar 

river) 

Tennessee 

Massachusetts 

Iowa & 111. 

Virginia 

1910-13 

1897 

1911-13 

1904-08 

62 

30 

32 

52 

76 

38 

37 

67.5 

1200 

1020 

4278 

150 

Rounded 

Roundeil 

6 

9 

06 

54.2 - 

42 

44 

1 



11 

0 

Limestone 

seamy 

1 1 
i 

Limestone 

Shale 

in spot s 
Concrete 

Rubble 

j j 

Concrete 

Concrete 
and granite 

Caisson 

foundations 

1 ! 

1 

Air pipes 
prevent 
vacuum 
at face. 

E. 11.. Feb. 

E. N., 1897, 


E. R., 
May 12, 
1906; 
July 23, 
1904 

15, 1913. 

E. N., Nov. 
13, 1913 

Vol. 37, p. 
292 


1904-10 

53 

60 

2350 

Rounded 

05 

17,5 


Cyclopean 

rubble 

4.8 


E. R , 
May 28, 
1910 


Table 49. Typical Masonry Dams (Overflow). — (Continued) 
Dimensions in Ft. 


Name 

Muscoot 

Scioto 

(Columbus) 

Spier Falls 

Turlock 

(LaGrange) 

Vyrnwy 

Locality 

New York 

Ohio 

New York 

California 

England 

Year built 

1902 

1904-5 

1900-05 

1801-94 

1882-90 

Height above stream-bed 

35 

33 

52 

127.5 

101 

Height above lowest founda- 

70 

45.5 

70 

127.5 

162 

tion. 






Length on top (overflow 
section) . 

200 

500 

817 

309 

1172 

Minimum thickness a,t or near 

5.5 

Rounded 

Rounded 

Rounded 

Rounded 

top. 






Maximum thickness nt or near 

31.5 

64.3 

65 

02 

120 

bottom. 








800 


.308.0 


curved in plan). 






Flood depth for which de- 


22 


10 

1.5 . 

signed. 






Character of foundation 

Rock 1 

1 

Limestone 

Granite 

Rock 

Clay, slate, 
rook 

Cyclopean 

rubble 

Kind of masonry 

Rubble 

masonry 

Concrete 

Rubble, 

Cyclopean 

Blue trap 
rubble 

Maximum pressure oq heel 
(tons per sq. ft.) 





8.7 

Maximum, pressure on toe 





6.36 

Ctons per sq. ft.). 






Remarks 

Downstream 
face stones 
carefully 
selected and 
bedded to 
withstand ice 

Allowance 
for future 
addition 22' 
high 


Has had 
15 ft. head 
on crest 

Foundation 
rook drained 
to prevent 
uplift 

Referenoesl 

E. R., 
Dec. 20, 
1002 

T.A.S.C.E., 
Vol. 67, 
1910 

E. N., 
Jun, 18, 
1903 ' 

’ E. N.. 

1894, 
Vol. 31, 

p. 266 

Proe, Inst. 
C. E„ Vol, 
126, IS95, 
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Table 60. Typical Masonry Dams (Not Overflow) Dimensions in Ft. 


Name 

Ashokan 
• (Olivo 
Bridge) 

Assuan 

Barker 

Barossa 

Bunin Juck 

Locality 

New York 

Egypt 

Colorado 

S. Australia 

N.S W. 

Year built , 

1907-11 

,1898-05 

1900 

1899-03 

1908 

Height above 8tream-l>ed 

150 

82(a) 

145 

95 

224 

Height alx)ve lowest foundation (exclusive 

220 

131 

172 

113 

240 

of cut-off trench). 





784 

licni^th on top (omitting spillway) 

1000 

6400* 

025 

472 

Minimum thickness at or near top 

26.3 

17.8 

16 

4.5 

18 

Maximum thickness at or near bottom 

190.2 

85 

124 

45 

160 

Radius of upstream face (if curvc'd in plan) . . 




200 

1200 

Height of top above full res. level 

Character of foundation 

20 

13.1 


2 

• 12 

ilainilion 

Cranite 

Granito, 10 ft. 

Shale 

Granite 

Kind of masonry 

shale 

('lyclojican 

ledge 

Red granite 

cut-off wall 
10 ft. deep 
Cyclopean 

Cyclopean 

Cyclopean 

Maximum pressure on heel (tons per so. 

14t 

rubble 

6.5t 

1 

Limit 15 

16.8 

ft.). 

Maximum pressure on toe (tons per sq. ft.) . 

8.2t 

4.5t 

1 

16.5 

Alloiyod ice thrust, tons per lin. ft. at full 

23.5 

None 




res. level. 






Allowed for upward water pressure 

Full head at 

None 




Remarks 

heel and 0 at 
toe, on i an;a 
of joint 

Continuous 

180 sluices 

Expansion 

Rail reinf. 

Factor of 


drains. 

each 6.56 ft. 

joints 4^ ft. 

at top 

safety, 2.16 

References ... .*.... 


wide 

E. N., Sept. 

apart. 

E. R., Oct. 2, 
1909 

E. R.. Sept. 

2, 1905: 

E. N., Apr. 

7, 1904 

. Engineer, 
Sept. 23, 

1910 



30, 1909; 
(^assier’s, 
Feb., 1903 


• Including both pierced and solid dam. (a) Increased 16 ft. in Ifill to 98 ft. t Vertical pressures. 


Table 60. Typical Masonry Dams (Not Overflow). — {Continued) 
Dimensions in Ft. 


Name 

Bear 

Valley 

(old) 

Beetaloo 

Boonton 

Boyd’s 

Corners 

Burroga 

Locality 

California 

S. Australia 

New .Jersey 

New York 

Australia 

Year built 

1884 

1888-90 

1900-05 

1866-72 

1893 

Height above stream bed 


no 

105 

58.0 

39 

Height above lowest foundation (exclusive 

64 

118’ 

114 

78.0 

41.0 

of cut-off trench). 





Length on top (omitting spillway) 

300 

367 

1850 

670 

425.6 

Minimum thickness at or near top 

3.17 

14 

17 

8.6 

2.0 

Maximum thickness at or near bottom 

8.4 at 48 

110 

77 

57 

25.3 

Radius of upstream face (if curved in plan) . . 

Height of top above full res. level 

Character of foundation 

below top 
20 max. 

335 

4 

• 

1428 

5 

5.0 

3 

539.8 

2.5 

Granite 

Shale and 

Shale and 

Rock 

Slate 

Kind of masonry 

Granite 

quartzite 

Concrete 

' 7.0 

4.6 

sandstone 

CvrlnDoan * 

Concrete 

hearting 

Cyclopean 

1 Limit, 10 

Maximum pressure on heel (tons per sq. 
ft*) 

Maximum pressure on toe (tons per sq. ft.) . 
Allowed ice thrust, tons per lin. ft. at full res. 

rubble 

1 Limit, 40 

of syenite 

9 . 

8 

None 

level. 


1 



Allowed for upward water pressure 



None 



Remarks; 

Max. arch 

Temperature 


Cut-stone 

Hails at top 

References 

stress = 59 
tons jper sq. 

E. N., June 

cracks 

were grouted 
Proc. Inst. 

C. E., 1892, 

E. R., 1903. 

facing 

Wegmann 

for expto- 
won 

Proo. Insi. 


23. 1888 

Vol. 113, p. 
151 

Vol. 48. 
p. 153 

C.E.,Vol. 
m 1903 
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Table 50. Typical Masonry Dams (Not Overflow). — {Continued) 
Dimensions in Ft. 


Name 

Burralor 

Cataract 

Chartrain 

Chemnitz 

(Eitisiedcl) 

Cross River 

Ijocality 

Knglund 

Australia 

France 

Germany 

New York 

Year built 

1893-96 

1902-08 

1888-92 

1894 

1905-07 

Height, above stream-bed 

89 

157 

163 

65 

155 

Height al>ove lowest foundation (exclu.sivf‘ of 
eut^iff trench). 

145 

192 

180 

92 

170 

Length on top (omitting spillwnv) 

361 

Sll 


590 

772 

Minimum thickness at or near top 

18 

16 5 

13 12 

13 

23 

Maximum thickness at or nciar bottom 

Hadius of upstream face (if curved in plati ). . 

63t 

158 

150.0 

1310 

65.5 

1316 5 

116 

Height of top alswe full res. level 

12 + 

6 6 

15 

1.64 

10 



Sandstone 

CycloiM'ati 

Rock 

Granite 

rubble 



Kind of masonry 

(Iranitc 
blocks in 
concrete 

Rui)l)ie 

Cyclopean 

Maximum pressure on lieel (tons per s<i. ft.) 


* 

I Limited 1 


10.0 

Maximum pressure on toe (tons persq. ft.). 



•# 

1 to 11.3 j 



12 5 

Allowed ice thrust, tons per lin. ft. at full re.s. 
level. 

— 

None 


— 

12 

Allowed for upward water pressure 

Remarks 

— 

None 

Drain.s 

— 

— 

.S<»c Ashokan 

References 

Proc. Inst. 

(\ K. 

Vol. 146. 
1001 

K N.. IVc. 

»•*. 1!K)6: .lunc 
23. 1910: 

K. H., June 

6, 1008 

Wc'gmann 

K. R., 

July 28. 1804 

E. R., 

Sept. 14, 
1007; 

June 10, 

1906 


* Maximum allowahlo proHSurc on hee! and toe taken small (9.5 tons) on acc^ount of moisture-laden sandstone used. 
1 77 ft. below water level. 


Table 60. Typical Masonry Dams (Not Overflow).— 
Dirrtonsion.s in Ft. 



Croton 
j Falls 

Furens 

Gileppo 

Granite 

Springs 

Hemet 


Locality 

New Yo.-k 

France 

Belgium 

Wyoming 

California 

Year built 

1906-11 

1862-60 

1869-75 

1903-04 

1890-95 

Height above stream-bed 

113 

170 6 

151 

86 ± 

122.5 

Height al)ove lowest foundation (exclusive of 

167 

183 7 

154 

96 

135.5 

cut-off trench). 






Length on top (omitting spillway) 

1095 

330 

771 

410 

260 

Minimum thickness at or near top 

23 

9 9 

49 2 

10 

10 

Maximum thickness at or near iHittom 

127.7 

161 

215 9 

56 

100 

Radius of upstre^im face (if curved in plan) 


841 4 

1665 

300 

225 4 

Height of top above full res. level 

12 

6.56 

6.6 

3 

10 

Character of foundation 

Granite 

Mica schist 

Rock 

Gabbro 

Bedrock 

Kind of masonry 

Cyclopean 

Rubble 

Rubble 

Hneoursed 

Granite 





rubb le 

rubble 

Maximum pressure on heel (tons per sq. 

10.0 

f 





ft.). 


j Limited 





Maximum pressure on toe (tons iier sq . . 

12.5 

J to 6.6 


6 14 



ft.). 







Allowed ice thrust, tons per lin. ft. at full 

15 





res. level. 






Allowed for upward water pressure 

See Ashokan 


Sp. gr. of 
stone reduced 






from 2.3 to 
1.3 



Remarks 






Designed for 






ultimate 






height of 






160 ft. 

Refra^nces 

Proc. Mun. 

Wogmann 

Wegmann 

E. R., 1906, 

18th An. 


Eng., 1910; 


E. N., Dec. 

June 24, 

Rept., U. S. 


1). R., Mar. 


25, 1886 

p. 698; E. N., 

G. S., 1897 


28, 1908 



1905, June 






. 29, p. 671 



For Crystal Springs dam, sec San Mateo, p. 166. 
For Croton or Cornell dam, see New Croton, p.^165 
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Table 60. Typical Masonry Dams (Not Overflow) 


Name 

Hijar 

Kensico 

Lake 

Cheesman 

New Crotort 

Pathfinder 

Locality 

Spain 

New York 

Colorado 

New York 

Wyoming 

Year built 

1880 

1910-16 

1900-04 

1892-1907 

1906-09 

Height above stream-bed 


170 

214 

163 

204 

Height above lowest foundation (exclusive 

141.1 

300 

236 

297 

218 

of cut-off trench). 




1168 

425 

Length on top (omitting spillway) 

236.2 

16300 

710 

Mimmum thickness at or near top 

16.4 

27.75 

18 

18 

10 

Maximum thickness at or near bottom 

Radius of upstream face (if curved in plan) . . 

147 

218 

227.7 

176 

400 

206 

94 

157 

Height of top above full res. level 

4.9 

15 

3 

10 

10 

Character of foundation 

Rock 

■ 

fkdiist, 
limestone 
and gneiss 

Grarute 

Seamy rock 

Red granite 

Kind of masonry 

■ 

Cyclopean 

Granite 

rubble 

Rubble 

Cyclopean 

Maximum pressure on heel (tons per sf;. ft.) . 

6.0 

15* 

(a) (b) 

12.8 13.4* 

t 

Designed as 
horizontal 
arch includ- 

Maximum pressure on toe (tons per sq. ft.). 

5.1 

13* 

17.7 13.9 

t 

ing temp, 
stresses. 
Max. = 13 
tons 

AlIowe<l ice thrust, tons per lin. ft. at full 


23.5 

None 

None 


res. level. 






Allowed for upward water pressure- 

. 


Full head at 
hwil and 0 at 
toe, applied 
on 3 are.a of 
joint 

None 

None 


Remarks 

• 


(/ontinuous 
drains. iStoiu-s 
weighed 1 to 
10 tons 

(a) Com- 
puted as 
gravity 8(!c- 
tion; (b) arch 
and 

cantilevcjr 

Spillway 1000 
ft. Jong 


References 

Wegraann 

0ExcliLsive of 
pavilions 

T. A. S. C. E., 
Vol 53, 1904 
p. 89 

E. R , Aug. 
16, 1902; 

1 E. N., Oct. 
4, 1906 

E N., Oct. 
29, 1008, E 

R., Nov. 7. 
1908 


• Vertical, f Profile is based on Quaker Bridg(i <lam, which had maximum heel pressure of 16 .6 tons; maximum toe 
pressure of 15.4 tons (Wegmaiiii.) 



Old and new Bear Valley dams. 

{Eng, News, Oct, 28, 1915.) 
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Table W), Topical Masoi^ Dams (Not Overflow). — (Continued) 
Dimensions in Ft. 


Kamo 

Periyar 

Roosevelt 

San Mateo* j 

Shoshone | 

Sodom 

Locality 

India 

Arizona 

California 

Wyoming 

New York 

Year built 

1888-96 

1905-11 

1887-88 

190.5-10 

1888-93 

Height above stream-bed 

1.55 

262 

146 

243 

78 

Height alwve lowest founda- 
tion (exclusive of cut-off 
trench). 

178 

284 

162 

328 

98 

Length on top (omittitig spill- 
way) 

Mimmum thickneas at or near 

1231 

1080 

680 

175 

600 

12 

16 

25 

10 

12 

top. 

Maximum thickness at or near 

1.36 

170 

176 

108 

53 

bottom. 


418 

645 

1.55 


curved in plan). 

Height of top above full res.- 

5 

20 

8 

10 

10 

level. 

Character of foundation 

Bedroffk 

Bedrock, i 

Fiasured 

, Solid granite 

Rock 


(syenite) 

sundst.onc { 

sandstone 



Kind of masonry 

Concrete 

Cyclopean 

Concrete 

Concrete 

Coursed 



blocks 


rubble 

Maximum pressure on heel 

>9 

22t 


Designed as 


(tons per sq. ft.). | 




horizontal 
arch includ- 


Maximum pressure on toe (tons 

>9 

23t 


ing temp. 


per sq. ft.). 

Allowed ice thrust, tons per 

None 



8tresH»« 

None 

lin. ft. at full res. level. 

Allowed for upward water 


1 

Whole head 


None 

pressure. 

Remarks 


1 

See p. 125 



References 

12th An. 

K. N.. 190,5, 

11. S. G. S., 

K. N., Deli. 

T. A. S. C. E., 

Rept., II. S. 

Vol. 53, p. 34; 

18th Re|M)rt, 

9, 1909; 

Mar., 1893 


G. S., 1891 

Sept. 10, 

Part IV, 

E. R., July 




1908. p. 265 

1897 

23, 1910 

1 


• Also known as Crystal Springs dam. t “Construction of Masonry Dams," C. W. Smith, 1915. 


Table 50. Typical Masonry Dams (Not Overflow). — {Continued) 
Dimensions in Ft. 


Name 

SpiiT Falls 

.SweetwattT 

Sweetwater 

Thirl mere 

1 Titicus 




(Extension) 



Locality 

New York 

California 

(’alifornia 

England 

New York 

Year built 

19(K)-05 

1887-88 

1910-11* 

1886-93 

1890-95 

Height aljovc stream-lied * 

90 

* 75 

no 

.58 5 

109 

Height above lowest founda- 
tion (exclusive of cut-off 
trench). 

154 

94 

129 

112 

135 

Ijength on top (omitting spill- 

5.52 i 

380 

.380 


534 

way). 

Minimum thickness at or ne^ir 

17 

12 

12 

18.5 

20.7 

top. 

Maximum thickness at or near 

11.3 

46 

76 

51.7 

81.4 

bottom. 


222 

222 

118.5 


curved in plan). 






Height of top alnive full res, 
level. 

Character of foundation 

10 

5.5 

5 

0.0 

5 

Granite ' 

Porphyry 

Porphyry 

Ijcdge rock 

Rock 

Kind of masonry 

Rubble. 

Rubble 

Cycloptian 

( lyclopcan 

Rubble, 


eycIoiK*an 



concrete 

rough 


granite 




coursed 

Maflmum izressurc on heel 

6.6 

5.8 ! 

8.14(0) 



(tons per sq. ft.). 

Maximum pressure on bic 

1 

6.6 

15.8 

9.45(0) 



(tons Mr sq. ft.). 

Allowed ice thrust, tons jier 


None 

■ None 



lin. ft. at full res. level. 

Allowed for upward water pres- 






sure. 

Remarks 

Silt in water 

In 1895, dam 

Addition 

Plan, reverse 



for 60 ft. at 

was over- 

bonded to 

curve, to ' 



mid-depth, 

Q). gr. » 1.0 

topped with 

22 in. water 
for 40 hrs. 
without 
injury 

T. A. S. C. E., 

face of old 
dam 

(o) Vertical 

follow ledge 



References 

E. N., 1903, 

E. N., Mar. 

Proo. Inst. 

E.R., 1896. 


Vol. 49. 

Vol. 19, 1888, 

30, 1911, 

C.E., Vol. 

VoL32, 


p.553 

p. 201 

p.371 

126, 1895, p. 8 

p.58 , 


* Keconal^'uctioD of top in tOlO. See JSI. M R., May 15, 1019, p. 948. 
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Table 60. Typical Masoi^ Dams (Not Overflow) ) 

Dimensions in Ft. ' 



Upper 

Otoyf 

Urft 

Villar 

Wachusett 

Wigwam 

(Waterbury) 

Zola 



Locality 

California 

Germany 

1901-04 

Spain 

187a-78 

Massachusetts 

Connecticut 

France 

Year built 

1900 

1900-00 

1893-94 

1843 

‘Height alwvo stream-bed 


175 

162 

146 

77 

119.7 

Height above lowest founda- 
tion (exclusive of cut-off 
trench). 

84 

190 

170.33 

207 

91 

123.2 

205 

Length on top (omitting 
roillway). 

Minimum thickness’ at or near 

350 

741 

349 

850 

600 

4 

18 

14.75 

22.5 

12 

19 

top. 







Maximum thickness at or near 
Iwttom. 

Radius of upstnjam face (if 
curved in j)lan). 

14 

361 

165.5 

656 

154.6 

447 

187 

62.08 

600 

41.8 

158 


Height of top above full res. 

— 

3 

8.25 

20 

7 


level. 

Character of foundation 

]Virj)hyry* 

Granite 

Rock 

Granite and 

Gneiss and 



schist 


schist 

samisione 


Kind of masonry 

Miusonry 

reinforced 

Trap 

masonry 

Rubble 



Rubble 


rubble 

masonry 


by platers 
and cables 






Maximum pressure on heel 



— 

12.0* 


) 8.12, 

(tons per sq. ft.). 

' 





1 62' 

Maximum pressure oti toe 


— 

9.00 

10.7* 


j alxive 

(tons per sq. ft.). 

Allowed ice thrust, tons per 




23.5 


j base 

lin. ft. at full res. level. 






Allowed for upl^ard water 
pressure. 

Remarks 


None 


Full head at 
lieel, 0 at toe 
applied on § 
area of joint 




(\>n tin li- 


Designed for 

90 ft. height 

Under 
full head 



ons drains 




nresBure 
liric falls 








11.5 ft. 
outside 

References 


E. N., 

Proe. 

E. n., Sept. 

E. N., May 

of base 
Wegmann 





July 16, 

Inst. 

8. 1900; 

7, 1903 



1903; 

0. E.. 

E. It. 



W eginann 

Engineer- 

Vol. 71. 

Oct. 6, 1906 





ing. Nov., 

. p. 379, 






1907 

1883 





* Vertical, t 3 ft. of water passed over crest, Jan., 1916, without damage. E. R., Feb. 12 and 19, 1916. 


Arrowrock dam, of IT, S. Rcclaiiifition Hervicc on Boisd River, Idaho, is 
one of the highest. Built 1912-1915. Maximum height above foundation, 
351 ft.; above river level, 2()0 ft. Length on top, 1050 ft. Minimum thick- 
ness, .15.5 ft.; maximum, 238 ft. Radius of center line of top, 601.74 ft. 
Parapets on each side of roadway extend 4 ft. above top of dam. There is a 
waste weir 400 ft. long, separate from the dam, with crest about 5 ft. below top 
of dam; but the dam is designed to permit a flow 2 or 3 ft. deep over its top 
in grpat floods. Cross-section is of gravity type, with vertical upstream face, 
the portion below 100 ft. being offset 3 ft. upstream. Foundation is hard 
granite. The dam is of concrete cast against wooden forms; proportions:’ 
1 sand cement, 2^ sand, 5§ gravel, and 2| parts cobbles, with a richer mixture 
for 10 ft. from each face. Sand cement was made of 55 per cent. Portland 
cement and 45 per cent, pulverized granite, reground to pass 90 per cent 
through a sieve having 200 meshes per in. There is a 20-ft. inspection gal-- 
lery, 25 ft. from the upstream face, with its bottom 235 ft. below top of dam. 
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Fig. 60. — Overflow dams. 
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MASONRY DAMS 
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Fia. 69. — Non-overflow dams. 










MASONRY DAMS 


"SK* ffcrd.S^/'AJ 

EIFawT 

r“y^,ij<736.Vf-V55:7(9 

Ji , \ 


Cataract Dam, 
Chcmnitk 
(Einsiedel) Dam, 
not Shown. 


^9.7 ■ 




7!84 r f \rfOl 72 

fS4. 69-mt\c- Si!97 


o' 20' 40' 60’ 80' 


^2779^ II0!56 

53/6? I27!z9 
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63.98- <- 41192 ^ 
96.79- <---U’.96 -\ 


■■35.2S- 
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6mT ,-3.14 


■I^SlbE 7gj:jy- 


S.L 
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~m^24:/l 


Chartrain. 
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Fig. 74, — Non-overflow dams. 

* For overflow portion, see p. 174. 
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Fig. 76. — Non-overflow dams. 
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Fio. 77. — Non-overflow dams. 







Fig. 78. — Comparisoii of sections of arched dams. . 
itadii of horizontal curves are to upstream faces. (T. A. S. G. E.* Vol. 75, 1912| p. 127.) 
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CHAPTER 8 


ROCK-FILL DAMS 

Advantages. A rock-fill dam is an embankment of loose rock fragments 
supporting a watertight face or containing a watertight core of masonry, 
wood, or metal, or some combination of these materials, or backed by an earth 
embankment. Chief advantages are low cost and quick construction. Where 
the foundation is pervious rock, making an earth dam impossible and requiring 
a masonry dam of large mass to resist upward water pressure, the free-draining 
character of a rock fill makes it especially suitable. Almost complete elimina- 
tion of cement is a great advantage in inaccessible regions. By changing the 
shape and proportions of the dam, it is adaptable to a wide range in topograph- 
ical conditions. In Italy it is coming into favor because of resistance to earth- 
quakes.i In India, rock-fill dams have been used for a long time. There are 
many in the Vnited States. 

Disadvantages. (1) Large proportion of voids is a danger if dam is 
overtopped, as they afford passage to a flow that might dislodge the rock 
fill. (2) The inevitable settlement may rupture the watertight element. 
(3) Failure follows overtopping, as at Gohna Lake darn.^i (4) Leakage is 
greater than through masonry dams. (5) Can be used only where rock is 
available. (6) Prospecting to locate leaks may endanger the structure. 

Requisites. (1) Availability of quarrying rock. (2) Since the gross 
foundation pressures approximate those of masonry dams, there should be 
unyielding foundations which cannot be eroded by copious seepage. 
(3) Abundant weight downstream from core to resist the water pressure, 
in the ratio of at least 3.5 to 1, based on 40 per cent, voids.3 (4) Place as 
much as possible of the rock fill downstream from the watertight membrane. 
(5) A watertight core or facing of permanent materials, so constructed, sup- 
ported, and protected that it cannot be disrupted. (6) Stones for the fill of 
good weathering qualities, freed of earth, strong enough to take the superposed 
weights, and so placed that very little settlement can occur. (7) Ample 
spillway capacity; further protection is advocated by some engineers by paving 
the downstream slope to serve as overflow under small surcharge without 
failure; the economy of this in contrast to enlarging the spillway is questioned 
by Jorgensen .3 Inadequate spillway is held accountable by some for the 
Lower Otay dam failure. 

Details. Watertight member, whether core-wall, diaphragm, or facing, 
should be carried down into trench in solid rock. Metal core or facing is 
usually of steel plates riveted and calked, coated with asphalt, or asphalt 
and burlap, and supported by concrete walls or embedded in concrete. Plates 
should not be less than i in. thick and ought to be thicker in the lower part of 
a high dam. (Used on Lower Otay, see p. 191.) Figure 79 illustrates a 
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reinforced concrete face. Settlement of reinforcedrconcrete water face on 
Strawberry dam^ was provided for by a sliding watertight apron, moving 
between ribs cast into the hand-laid dry fill at 60-ft. intervals. Timber is 
sometimes used for the watertight member either permanently or until 
settlement is attained; the Cucharas® dam was made tight by placing a 5-in. 
creosoted timber facing over the leaky concrete. Where tightness is not 
essential and boulders are not obtainable, as at Omega Mine, Cal.,® a dam may 
be constructed of units composed of wire mesh baskets filled with large gravel 
and rocks, units 1 by 2 by 8 ft., placed lengthwise wijih the stream; such dams 
would not be permissible in many situations. 

Top width should be not loss than 10 ft., and height above extreme high 
water not less than 5 ft. Upstream slope may be 1 on J , or even steeper if laid 
up as a dry rubble wall to support watertight facing. Investigate tendency 
to slide with reservoir empty. Downstream slope, or both slopes if core is 
used, may be 1 on 1 to 1 on 1|, and may be rough or laid to a neat face. Some 
rock-fill dams have downstream slope steeper than the angle of repose of the 
material; this is questionable practice. Others have nearly vertical faces, 
and some have stepped faces of roughly squared stones. One or both faces 
may be laid in mortar, or faced with concrete. 

Practice. M. M. 0\Shaughnes.sy2 disapproves sheet steel in the concrete 
facing of a rock-fill dam, as adhesion of the concrete to the smooth face of the 
steel would be questionable, and, with reservoir empty and no expansion joints, 
temperature changes might cause the steel to buckle, thus creating a cavity 
which might be subjected to hydrostatic pressure. Soil, silt, and clay should 
be excluded from the mass of the dam, but not quarry waste, composed of 
spalls. If there is a shortage of spalls, break off sharp edges of flat stones, and 
chink in the cavities with broken stone. A rubble wall for the downstream 
slope, or the hand placing of rock in this portion of the dam, is an unnecessary 
refinement and expense, except for esthetic purposes. The object of reinforc- 
ing the concrete facing is to prevent cracks, so that each section will be a unit 
slab, firmly attached to the stone masonry, but free to move at the joints in 
response to temperature or settlement. Anchor rods through the masonry 
form an effective bond between it and the reinforcing rods, and are also useful* 
in construction in fixing accurately the position of bars. 

Flood Flows. Escondido dam in 1916 was overtopped for 6 hr., to a depth 
of 12 in. at center and 2 in. at abutments. Settlements up to 1 ft. occurred, 
but the dam did not fail.^ Morena dam^a was not overtopped in the 1916 


Table 61. Rock-fill vs. Solid Masonry. Comparison of Roosevelt and Morena 
Dams**^ (Both Built before 1912) 



Koosevelt dam 
(solid masonry) 

Morena dam 
(rook-fill) 

Height 

284 ft. 

170 ft. 

16 ft. 

340,000 cu. yd, 
1080 ft. 

4 yrs. 

63,468,000^ 

267 ft. 

300 ft. 

16 ft. 

306,000 GU. yd. 
650 ft. 

11,100,000 

Tl^ieknefffl of base, t 

Thickness of top 

Contents 

Crest length 

Time consumed in building . 

Cost 
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flood; the reservoir filled to within 18 in. of crest without daSnage-^ testimony 
to the stability of a rock-fill dam, properly tied into the abutments. The* 
radial spillway gates became choked with debris and failed to function com- 
pletely, as a result of which the prevailing public hysteria compelled their 
removal; the designer* was not consulted. Failure of Lower Ota'ifi dam 
occurred Jan. 27, 19J6, after 15* days^ run-off from the watershed had raised 


^ Cover ofeeper surface with tarred felt 

^ £xpan$forr Joint 
filler ^ N > 



y Expansionjoinffiller 

Copper Seal ,<• Jf Cover bearingsurface of, 

{sleeper with iarred Self 




Derail of Hon^onfotl Expansion Joint 
t varies from l8"afboitjni to 6'a+ iop 


Dc+ail of Vcr+ical Expansion Joint 
Fio. 79. — ICxpjinsion joints, facing of I)ix River dam. 


reservoir level 36 ft. At time of failure, depth of overflow of 4 to 6 in. over 
top of dam was withstood for 7 hr. Total depth of water behind dam was 
130.8 ft., in contrast to previous maxima of 109.5 ft. in June, 1909, and 119.5 
ft. in May 1910. Although completed in 1897 to withstand a head of 124 ft., 
never had there been a saturation of the rock fill until 1910, when there resulted 
a slight settlement on tlie upstream side. 


. side Wall 



Steel No. 0 
B. W.G. 
Concrete 


Bo-H-omSeal 

of 

Center Core 


Bed Nock 


I I -CenierCw Wall of Steel 

K— Protected with a Layer 

of Concrete 

Cross Sect\or\» 

Fig. 80. — ^Lower Otay dam. 2 c 


Dix River Dam, Kentucky Hydro-electric Co., is 270 ft. high, with the 
watertight face upstream. Adjacent rock fill is hand placed to assure uniform 
aupport. Face is reinforced concrete slabs, 18 in. maximum thickness and 
8 in. minimum, 48 ft. wide between vertical expansion joints. Figure 79 gives 
details of expansion joints. Horizontal expansion joints are at the 50-ft.‘ levels. 
Leakage cracks resulting from inevitable settlement of the face are reduced by 
an excess of reinforcing steel to restrict the opening. The reinforced-conerete 

- ♦ Coireapondenoe with M. M, O’Shaughneaay. 
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face is protected by a 3-in. layer of tongue-and-grooye planks, with long sides 
horizontal, held to position by wales on 8 ft. centers, secured to the masonry by 
J-in. bolts on 4-ft. centers. This timber facing affords the first line of defense 
against leakage since timber will deflect to a greater degree than concrete with- 
out leakage. It is provided only below minimum water level so that it will be 
saturated always. (Notes from L. F. Harza, Engineer.) 

Settlement Measured. Strawberry Dam.* This dam is 139 ft. high • 
above stream bed, and has a top length of 587 ft. It was constructed in 1915. 
Measurements made in September 1917 to determine the settlement and hori- 
zontal movement, are given in Table 52. 


Table 62. Record of Settlement, Strawberry Dam, Feet 


Station 

Vertical settlement 

Horizontal settlement 

0 

(lOrid of Top) 

1 + 50 

0 94 

0.74 

+ 70 

l.(K) 

0.70 

+ 90 

1 .00 

0.60 

2 + 10 

1 .03 

0.80 

+ 30 

1.12 

0.80 

+ 50 

1.2S 

0 SO 

+ 70 

1.27 

0.88 

+ 90 1 

1.25 


3 + 10 

1 .25 

• 

+ 30 1 

1 24 

0.74 

+ 50 1 

1 .22 

0.66 

+ 70 i 

1 14 

0.68 

+ 90 

1 . 10 

0 56 

4 + 30 ! 

0.67 

0.66 

+ 50 i 

0.55 

0.41 

5+87 

('End of Top) 


These denote the total changes after 2 years, and after the reservoir has been 
twice filled substantially full. Water Stood 47 ft. below the crest and 80 ft. 
above the stream bed when these measurements were made. (Information 
from M. M. O’Bhaughnessy.) 
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CHAPTER 9 


EARTH DAMS OR DIKES 

Where Used. Earth dams or dikes are used where good rock foundations 
either do not exist or are at such depths as to make excavation for masonry 
impracticable, and where materials of desirable qualities are available within 
a few miles of the site. Sometimes a combination of rock fill and earth is used, 
as at Snake River.®® 

Merits. Great permanence and security; it is common knowledge that, 
in rigorous climates, earthworks are the most lasting structures built by man 
The apprehension of the layman is allayed. This type was chosen at Calaveras 
on basis of economy and resistance to earthquake damage, as exemplified a1 
San Andreas. 1 Economy depends upon the availability of proper materials. 

Requirements.* Water cannot be allowed to pass over the top. Provide 
ample freeboard against extreme flood and wave action, and a spillway ol 
liberal capacity. Pave the area subject to wave action. Since earthy mate- 
rials always permit seepage, they must be so compacted as to reduce it to a 
non-eroding rate, and there must be a water stop — either core wall or slope 
paving. ^^To be safe for an indefinite period, an earth dam should have 
somewhere in its cross-section a durable element, or member of construction, 
capable of resisting attacks of burrowing animals, not infrequently experienced 
from upstream as well as downstream side.^^2 

Classification, t Four classes of earth dams may be distinguished for 
convenience: (1) simple embankments, substantially homogeneous; (2) 
embankments with core; (3) embankments with facing; (4) hydraulic fills. 

Homogeneous Embankments. Class 1 should be limited to dams of 
moderate height, in locations where the consequences of failure are not serious, 
and • where loss from seepage is of minor moment. Many homogeneous 
dams are in successful use in India, where this type is preferred to puddle core.^c 
Tabeaiid dam. Cal., is of this type. Watertightness as well as stability 
against slips can be approximated only by proper selection and consolidation 
of materials. Best material is a heavy, naturally impervious, tenacious earth, 
such as hardpan, unmodified glacial drift, or bowlder till. Indian practices^ 
now uses 1 part clay and 1 part shale. Sand, or fine gravel and sand, have 
been used; initial leakage was high, but the embankment eventually silted 
tight. Consolidation is important; an unrolled embankment near Trinidad, 
Colo., allowed water to pass through, and partial failure resulted.^ 

DAMS AND EMBANKMENTS WITH CORES 

Purposes of cores are: (a) lessening of saturation of downstream slope, 
thereby promoting cohesion and stability of the material; (6) minimizing 

♦ See also “Design,” on p. 202. 
t See Holmesv N. R., June 26, 1924, p. 1102. 
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• erosion if dam be slightly overtopped; (c) prevention of flow through the per* 
vious strata beneath the dam; (d) resistance to burrowing animals; (e) intercep- 
tion of accidental pervious streaks, which might by percolation be developed 
into water channels and eroded to destructive dimensions. A dam near 
Waterbury, Conn,, constructed in 1868 without a core leaked several hundred 
thousand gallons per day, with full reservoir. This loss and anxiety for 
stability led to reconstruction with a core wall in 1921.5 Whatever kind of 
core be used, precautions must be taken to prevent water under any possible 
head flowing down along the side of the core and beneath it. Dams of Miami 
Conservancy District utilize reservoir blankets rather than core walls to 
curtail seepage. i4h 

Position and Materials. Cores are usually vertical walls or diaphragms 
at or near the center of the embankment, extending from a trench in imj)er- 
vious material beneath the dam to full reservoir level, or above (see also p. 
198); sheet piling, loam, puddle, or masonry have been used. 

Sheet Piling. If the purpose is to retard flow through pervious substrata, 
the length of the piling should bo a function of tlie head. See studies on p. 
204, and tests by J. B. Hays® and J. B. T. Col man. Sheet piling is used 
where the dam site is overlaid with p(n*vious sand and gravel, fre>e of boulders, 
or nearly so, and of such de])th or so wet that a (;ore-wall trench cannot be 
excavated economically to an impervious stratum. Extreme care must bo 
exercised to keep adjacent piling in Contact throughout; large gravel or boul- 
ders prevent close driving and defeat object. Toj) of piling, in the trench, 
should be thoroughly eml)edded in the l)ottom of the masonry, puddle, or 
loam core. Piling may be extended to full height as the only core; but for 
several reasons including uncei-tainty as to ])ermanence, sheet-pile cores 
should not be used in important permanent dams above permanent lowest 
ground-water level. Chief disadvantage is inability to observe final position 
of sheet piling. 

Woodefi Sheeting, Miller sheet piles were used in portions of North dike 
‘ of Wachusett reservoir; where length exceeded 30 ft., piles were built up of 
three thicknesses of 2-in. s])ruce planks, spiked together. The outer planks 
were wider than the inner, and grooves were formed on both edges, into 
which splines fitted. Planks jetted to position; lengths, 45 to 67 ft.; best 
10-hr. day\s work was 24, averaging 16J in. wide and 46 ft. long. Piles less 
than 30 ft. long were single 4 in. planks. On Keechelus dam* in a particularly 
wet stretch, 9-in. by 12-in. Wakefield piling of Douglas fir was substituted 
for the concrete core wall. Table 58 indicates other dams having timber 
cores. 

• Steel pites have the advantage over wooden sheeting that the interlock will 
generally keep the piles in contact during driving. The core of the Sevier 
Bridge dam, Utah,* consists of 38-lb. U. S. steel sheet piling, 20 to 40 ft. long, 
with tops at elevation of river bed. To the tops were attached 4 by. lOrft. 
platesiof copper-bearing Keystone steel. No. 10 gage, fabricated by American 
Bridge Co., lapped riveted with f in. rivets. At intervals of 50 

ft., U-shaped expansion joints were inserted. Besides the shop coat of r^ 
lead, the sheets were given two coats of asphaltic paint, applied hot Tho 
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impounded water is strongly impregnated with lime, which forms a protective 
coating on metals, and led Chief Engineer C. S. Jarvis to substitute steel 
for the ingot iron called for in plans. Metal cores have been used in rock-fill 
dams, notably the Avalon and Lower Otay (see p. 191). Steel piles have also 
been used as support for the trench of the concrete core wall, and eventually 
left in place. Such construction was used on the Milton*® and Wanaque 
dams.** 

Loam cores should be started in relatively wide trenches excavated to rock 
or into impervious earth. If rock is seamy, the seams should be cleaned out 
and thoroughly filled with concrete or grout; pervious rock should be grouted 
or plastered with rich ceinent mortar. To prevent water passing along the 
rock surface beneath core, low concrete, rubble, or brick cut-off walls should be 
built wherever necessary, to extend up into the loam. I^oam* should be very 
fine grained, free from stones, roots, and vegetable debris; it should be spread 
in thin horizontal layers (3 to 6 in.), and very thoroughly compacted. It 
should be forced tightly against the sides of the trench and carried above, with 
liberal thickness, in the embankment. If tlie rock on which the core is to be 
founded is seamy and has only shallow cover of earth, it is sometimes necessary 
to uncover a wide strip on the reservoir side of core. After scrupulous clean- 
ing, this rock jshould have all seams grouted or otherwise thoroughly stopped, 
and its whole surface, if pervious, covered with rich cement mortar or grout. 

At Providence,* 2 soil core was preferred to concrete for following reasons : 
(1) Materials available were of a dependable uniformity. (2) Instability of a 
core wall of the dimensions economically practicable, under unbalanced 
pressures, raises question of its watertightness. (3) Presence of wall inter- 
feres with placing of watertight material. It was coiu^luded that design 
adopted involving two and one half times the imi)ervious material of the 
core-wall type would produce a tighter structure and at less cost. A concrete 
blanket intercepts flow beneath loam cor^. 

Puddle t cores should be of carefully selected materials, faithfully mixed 
and compacted; should start in trenches excavated to rockj or into impervious 
earth. Rock surface should be cleaned and seams made tight. 

British engineers favor clay i)uddle cores rather than masonry. Strange 
claims greater watertightiiess and flexibility for the former.^c The core is 
placed along the center line of the dam, vertically over the puddle trench. 

Dimensions. Cores should be carried 2 to ^4 ft. above full reservoir level, • 
and have a top width of about 5 ft, with side slopes of 10 on 1 to 1 on 1. 
With slopes approximating 1 on 1 the puddle core really is the dam; the 
Quter portions of the embankment serve principally to protect the puddle 
from waves, frost, etc. Thickness necessary for puddle core depends largely 
upon character of the other materials ip the embankment, and conditions and 
methods of construction; at the base of the dam it should rarely be less than 
one-third the depth below full-reservoir level; below the ground surface, in 
the trench, the thickness may be materially reduced. Rankin states that 

* These provisions apply as well to imperviotis embankment, see p. 207. 

t For daU on puddle per se, see p. 803. For dimensions of notable earth dams with puddle 
oorevsee F. C., Jan. 18, 1911, p. 90. k 

V t At South Hai wee dam, Los Angelos, clay cut-off, 8 ft. thick, extends to a maximum depth of 
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thickness of base of puddle wall should be about one-third the height, and 
thickness at the top about one-half the base. 

Some engineers prefer to step the sides of the puddle core, or to step the 
reservoir side and make the other substantially vertical. 

Position, A puddle wall is used in three positions : (a) in the center of the 
dam; (6) on the upstream slope; (c) between these two. The advantages of 
(a) are: (1) vertical continuation of the puddle trench; (2) minimum quantity; 
(3) protection from disintegration by wind, water, burrowing animals, etc. 
The disadvantages of {a) are: (1) distortion or rupture by settlement; (2) diffi- 
culty of repairs; (3) upstream embankment may be saturated to an undesirable 
extent. The advantages of {b) are: (1) settlement is uniform with upstream 
slope; (2) ease of repair; (3) constitutes a wateri)roof covering. The dis- 
advantages of (6) are: (1) more material required than for (a); (2) sub-soil 
water may saturate the dam; (3) exposure to action of waves, sun, and bur- 
rowing animals; (4) lack of stability at ordinary slopes of darns. A layer 
of puddle has sometimes been extended from the core, beneath the embank- 
ment on the reservoir side and over a portion of the reservoir bottom, to aid in 
preventing percolation beneath the dam. 

Materials, Clay was formerly preff?rably used as a core. The pressure 
of surrounding masses forcing out surplus water, leaves clay in^such condition 
that it will neither absorb water nor allow percolation. Surface clays make 
better cores than dcepseated cla 3 ’'s. Clemens Ilerschel claims that pure 
binding'^ gravel makes a more waterproof stop than clay .2 Davis and 
Henny recommend a well-blended mixture of gravel, sand, and cla 3 ^ 2 b pud- 
dle, free from lumps or stones larger than 2 in., if laid in 0-in. layers, will be 
practically watertight. The test for puddle dams used in India is to dig a 
hole 2 ft. square through 1 weck^s work, fill with water, and note the time it 
takes to disappear. Good puddle, 4 days after depositing, should cut like 
cheese and show no air spaces. 

Protection. Both ])uddle and loam cores must be protected from the 
inroads of burrowing animals. A layer of broken stone, (i in. thick on the lower 
slope, has been found a sufficient protection against vermin in India. Puddle 
of 80 per cent, gravel and 20 i)er cent, clay is less easily attacked than pure 
clay .2 Throttle dam '2 near Raton, N. M., has a 12-in. paving, but the puddle 
wall is additionally protected by a galvanized, corrugated, ingot-iron sheet of 
No. 12 gage. See also p. 109. 

Concrete Cores. Rubble walls were formerly used extensively, but recent 
practice favors a rich Portland cement concrete core; this best fulfills all 
functions. Care should be taken in placing to avoid honeycombed and porous 
spots. . The watertightness of old core walls has, in numerous cases, been 
increased by plastering the upstream faces with rich cement mortar; The 
use of a concrete core reduces the problems of design of masonry culverts or 
outlets, as these can be made integral with it. Masonry cores have been 
extensively used, notably at Sudbury, Croton Valley dams, and Ashokan dikes. 

Depth of trench depends on the function of the core wall. The effect of this 
construction on the hydraulic gradient of percolation is outlined by Justin.^^h 
Wall should start on clean sound rock, or in a trench in very compact imper- 
vious earth, or on sheet piling extending into impervious material. If a good 
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foundation for a core wall exists 10 ft. or somewhat less*below the stripped 
surface, there appears no good reason for carr3ring it deeper. At Keecbelus 
dam, core wall was successfully founded on earth.® It is character of founda- 
tion rather than depth which is important. In some cases, however, because 
of porous materials, it has been necessary to extend cores to great depths, some 
in excess of 100 ft., notably at Wanaque dam where a core 20 ft. wide was 
carried down a maximum of 90 ft., trench being maintained by sheet piling.^* 
On Tieton dam, 100-ft. depth was attained by shafts, cross tunnels, and stoping 
upward.!® 

Trench and Foundations, If practicable, in the foundation trench, the 
concrete should be compacted against the well-trimmed sides. In loose, 
running earth it will be necessary to give the trench wide flat slopes, and start 
the wall forms on the rock; the trench should be of liberal bottom width and 
most carefully refilled with compacted embankment material. If trench has 
been sheeted and braced, as much bracing as feasible should be removed as 
concrete is placed. No wooden or hollow metal braces should be left to 
pierce the concrete transversely. Concrete should be packed tightly against 
any sheeting which must be left in place. If the concrete core wall goes to 
rock of reasonably good quality, it is better not to disturb the rock by blasting. 
At Weston reservoir, F. P. Stearns excavated into rock a very little where rock 
was loose, or where there were large seams, but the rock was cleared for a 
distance of 20 ft. upstream from the core wall, all seams filled with mortar, 
and subsequently covered with an embankment of fine, clayey earth; this 20 
ft. was about equivalent to the expected water depth in reservoir; Stearns 
advocated this as a good rule. At Phelps Brook dam,! e Hartford W ater Supply, 
the ledge for a distance of 10 ft. upstream and for 3 ft. downstream from the 
core, was covered with a blanket of concrete at least 3 ft. thick. If rock has 
approximately horizontal seams through which water can flow, a trench 
should be excavated and the wall extended downward as a cut-off. Grouting 
under pressure should be done in holes drilled in the bottom of the cut-off 
trench if scams which would cause trouble are suspected at depths too great for 
excavating trench at reasonable cost. Importance of dam must determine 
extent of such precautions. At Henshaw dam! 7 2-in. holes, on two lines 6 ft. 
center to center, were put down 20 ft. and grouted to 100 lb. pressure. At 
Milton darn,!® delay in construction was avoided by embedding 3-in. pipes in 
the core at 5-ft. intervals, through which grout holes were drilled at leisure 
by a single Calyx shot drill. * 

Position, Core walls are sometimes placed upstream from the center line 
to reduce the amount of saturated embankment. If a core wall in this 
position is carried above water level, it will intersect the upstream slope, and 
serve as protection against wave action. On Milton dam, Ledoux placed core 
wall at upstream toe, and made it continuous with the upstream paving.!® 

Dimensions. A thin, core wall in a high earth dam is not advisable; 
unbalanced pressures due to different classes of fill on either side, to varying 
degrees of pressure as state of saturation changes, and to varying settlement of 
the embankment produce unequal loadings. Cores are in many cases built too 

* See grouting methods at Estacada dam, by Rands, in T. A. S. C. E., Vol. 78, 1915, p. 447; and 
**The Use of Grout in Cut-off Trenches and Concrete Core Walls for Earthen Embankments, 'Vby 
H. j. F. Gourley, Trans. Inst. Water En9>% Vol. ^7, December, 1922, p. 142. 
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light. Concrete cofe walls may be carried to heights of many feet ahead of 
the embankments, but if this is done, the embankments must be built simul- 
taiK‘oiisIy on both sides with difference of level not greater than a few feet; 
otherwise the walls might be pushed over. The stress at top of a core wall is 
insignificant compared to stresses at greater depths. Some recommend keep- 
'ing top width to 2 ft., and using material saved for increasing the bottom dimen- 
sions ;2 top width of a concrete core wall should be IJ to 5 ft., according to 
importance of the dam. Top should be at full-reservoir level or 1 to 5 ft. 
above. Each face should batter 20 on 1 to 10 on 1, or may be stopped one or 
both sides. Thickness at the level below wliich trench is filled solid with 
masonry should be one-eighth to one-si\th liead. E. Sherman Gould’s rule 
was to give a core wall a bottom thickness equal to one-quarter the greatest 
depth of water expected at the dam, and to draw in with offsets of 10 in. on 
each face every 10 ft. in height. 

Construction, Longitudinal grooves (or keys'") are essential in top surface 
of concrete placed any day. On Ashokan dikes a single center groove 3 to 
6 in. deep, and 0 to 12 in wide, was used. Thioe keys were used on Phelps 
Brook dam;i9 in the veitical joints, ingot-iron waierstojis \\ere used. These 
joint surfaces must bo scrujnilously clean, free from laitan(*e, and thoroughly 
wet when fresh concrete* is placed against tliem. If bolts through the wall 
are used to support the concrete forms, such bolts should, preferably, he 
removed, or at least portions for 2 in. in from face, and the holes thoroughly 
filled with cement mortar. A well-built concrete core should not require 
plastering. 

Priest dam,^^ Hetch-Hcichy project, has a thin core wall of concrete, with 
horizontal joints 10 it., and vertical joints 50 ft , apart, to permit conformation 
to settlements in the dam without loss of watertight ness. Joints arc tarred 
to prevent bonding, and are made watei tight and flexible by strijis of 10-gage 
copper. The wall is 2 ft. thick at toj).* liatters of 1 to S4 result in a thin section. 
To strengthen it against unbalanced construction stresses, each section 
between joints is guyed temporarily by cables leading todcadmen set in the 
embankment. 

Reinforced-concrete core walls have been used on many dams by U. S. 
Reclamation Service, the thickness varying in general from 12 in. at top to 
4 or 5 ft. at ground line. Nolabh* dams will) this tyjie of core are Pathfinder, 
Wyo., and Strawb(*rry River, Utah 21 

PAVING t 

Substitute for Core WaU.t ^Embankments with facing are much less 
common than those with cores. A few dams have been so built, notably at 
Milton, Ohio, for Youngstown Water Supply.^* In general, such construc- 
tion sho 4 ld be limited to artificial reservoirs largely in excavation. Facing 
may be concrete, rubble in mortar, brick, or puddle; it should be laid on freshly 
trimmed slopes and ample precautions taken to jirevent settlement, cracking, 
and damage by ice, waves, or extreme summer heat. Puddle must be such 

* A f^ised key, or tongue^, is prpforred to a uroovo by sonic engineers as being easier to make 
clean On a honsontal surface especially, cleaning is easier These remarks and ttidse below 
apply to much concrete work other than core walls, m which interruptions are necessary, 
t For reservoir use, see p. 688. 
t For function, see p 168. 
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that sliding and buckling cannot occur. If water in reservoir be rapidly 
drawn down, there is danger that back pressure of water in the embankment 
may lift the facing. Provision for this must be made by drains dr weepers, 
which will not in turn become danger points in other ways. 

Protection of slopes by paving or riprap on the upstream side, and covering 
with grass, other suitable vegetation, gravel, or riprap downstream, is required 
for the integrity of the structure (see p. 112). In arid countries grass is 
impossible. Some engineers keep all vegetation off dam to prevent burrowing 
by rodents for the roots. In some places, close matting roots will grow better 
than grass. On the water slope, paving or riprap (termed “ pitching in 
British practice), should extend from bottom (unless reservoir is never to be 
drawn down), to at least 2 ft. and more vertically above full reservoir level; it 
should always extend high enough to ])rotect the slope against erosion. Many 
dams have the paving 6 to 10 ft. higher, depending on height of waves. 


Oufhr paved abouf^OTfk^\_ 
ZOO ft each side.. 
of cot kh boksin 


Cast iron frame and grafing^-^' 



Cmfetehlasonr^}~ 


Berm at catch basin manhole 



Fkj. 81 .— Ashokan dikes. Paving and !)orin dimensions. 


Height of Waves. By StcvensoiPs formula, height of wind waves in feet 
from trough to crest is // == 1.5\/F + (2.5 being fetch in miles. 

Henny reports ll — 5 on Belle Fourche reservoirzz where F = 5. On Lake 
Geneva, waves 8.2 ft. high from fetch of 30 mi. are recorded by Mead.23 On 
Ashokan reservoir, with wind velocity of ^^prgbably 120 mi. per hr.,’^ Thad- 
deus Merrimaii records waves 12 to 15 ft. high.i^c A wind reported to have 
attained a velocity of nearly 100 mi. per hr. along a reservoir 5 mi. in length, 
drove waves over the top of a masonry dam rising 20 ft. above the water 
surface, also above the top of heavy stone slope i)aving on adjacent earth 
dams (slope 1 on 2) with such force as to cut the slopes and do damage to the ^ 
paving. This incident also showed that stones of large area, laid close 
together with joints tightly spalled, supported on a deep bed of cobbles and 
stone fragments, having large voids, were disturbed by the water held in the 
voids, which could not escape rapidly enough as the waves receded. Paving 
on such a bed should have very free vent at its surface. An 80-mi. wind drove 
sheets of water over the top of Haiwee dam when original water surface was 
20 ft. below the top. Reservoir, 6.5 mi. long.®* 
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Water Slopes. On water slopes, pavement is usually of stones, but con- 
crete in slabs or blocks and rubble masonry in mortar are used in some 
instances, especially in distributing and equalizing reservoirs or sedimentation 
basins which are to be cleaned occasionally.* Oil linings, f formed by applying 
1 to 3 gal. of heavy oil per sq. yd. to the earthwork, have been used on some 
canals and reservoirs in California.^s 

Stoiie pmring can be laid dry and grouted, as at Milton dam,i® where results 
equal to masonry laid in mortar were obtained. Stone paving varies from 
large rectangular granite blocks, with 1-in. joints well filled with tightly 
driven spalls laid on gravel or broken stone, to stones of miscellaneous sizes 
and shapes only roughly laid to slope. Materials at hand, permissible 
expenditure, nature and importance of dam, and similar considerations 
determine. Likewise thickness of paving may vary from 1 ft. to several. 
Stones should be hard and of good weather-resisting qualities, especially in 
regions having severe frost. Heaviest and best stones and greatest care in 
laying should be used from top of paving to a few feet below full-reservoir 
level, in order better to resist waves and ice. For this belt, paving of a dis- 
tinctly better class is frequently used, and cheaper paving or riprap below. 
For best results, paving should be laid on a layer of broken stone or gravel 
from 6 in. to 1 ft. or so thick, to prevent earth being washed out^from between 
the large stones by waves or by water draining out when the reservoir level is 
rapidly lowered. To resist sliding, or displacement by ice, it is well to dis-* 
tribute many long stones in the paving, like headers, extending through the 
backing. Longest joints should be parallel to axis of dam. Berms in long, 
steep slopes reduce tendency to slide. Always place a berm at lower limit of 
paving. If riprap or a poor class of paving be used, the thickness should be 
greater in the belt at and near full-reservoir level, since by action of ice and 
waves some stones will be displaced or moved toward the bottom. Caution 
must be exercised, however, not to* place too heavy a load on the upper 
portion of a slope if the bank be com])osed of material which, when saturated, 
may slump under the load. On the other hand, slumping of a bank or an 
excavation slope in fine, water-bearing material may be stopped or prevented 
by loading with a thick layer of coarse stone; in this case the layers should 
be thicker toward the bottom. Thick riprap is cheaper and better than 
paving if large stones can be had plentifully at small cost; it stops waves from 
gliding up the slope*, and docs^iot require expensive repairs when displaced. 
On flat slopes (1 on 4 or flatter), riprap of small stones is thoroughly effec- 
tive. Such stone layers should be built up with the earth portion of the 
dam. Paving or riprap is frequently placed after earthwork is wholly or 
nearly finished. 

Concrete dabs are not as durable as riprap or rubble paving; they have the 
further disadvantage that the smooth surface carries waves farther up the 
slope. Joints must be provided for settlement and expansion, as well as for 
construction purposes. If the slabs rest on sand, a sill must be provided to 
close the. joint, or wave action will wash sand through; this has occurred at 
Minatare dam, 26 and elsewhere. Paving at Belle Fourche27 dam resting on 

♦ See also p. 638. 

t For costs on Encino dam. see E. N. R.t Apr. 30, 1925, p. 737. » 
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24 in. of gravel, and laid dry, was displaced by waves engenSered by a wind 
velocity of 72 mi. per hr. Relaid, after replacing the gravel, and all joints 
pointed. After three seasons (with temperature range between 30 and 
1 10®F.) , no cracks greater than hairline are evident. 

Reinforced-concrete paving must be either jointed or reinforced to conform 
to settlement without loss of integrity. Lack of bond in horizontal reinforcing 
resulted in failure of paving on a dam near Trinidad, Colo.^ On Henshaw 
dam, CaL, 4-in. paving of 1:3:6 concrete was reinforced with welded 
mesh. On Lower Reservoir dam, Balmorhea, Tex. ,28 woven wire reinforcement 
was placed diagonally to the ex])ansion joints, crossing them at the step (step 
detail was similar to Fig. 227). A thin felt strip laid over reinforcing on the 
step provided plane of separation. Strength and flexibility were required. 

Durability * Wave action causes failure of many pavings. Water slope of 
Riverside reservoir was paved in 1907, with reinforced concrete (3^ in. mesh, 
No. 10 wire), 3 to 4 in. thick, sl<)})e 1 on 1.5, in 10-ft. strips, with butt joints; no 
vertical joints. Wave impact from 4.5-mi. stretch thrust water into the butt 


6’6ranu/ith/c 



Fio,82. — Paving, Forbes Hill reservoir, Quincy, Fin. 83. — Queen Lane, reser- 

Mass.24 voir, Fliila. Junction of bottom 

lining and slope paving. 

joints, washed out the sand, and undermined paving, causing failure. Rein- 
forcement poorly placed, some of it being entirely below the concrete. New 
paving was in blocks, 10 l)y 15 ft., all jomts stepped; thickness, 5 in. Where 
new paving was placed above old, butt joints were used, breaking joint with 
the lower course; two layers of tarred felt were placed in the joints.28 

Most of the paved slopes of Sudbury reservoir are 1 on 2. Paving is 18 in. 
thick, thoroughly bedded on 12 in. of gravel, and laid by hand; interstices filled 
with smaller stones, and spalls driven in. Examination 5 years after laying 
showed that wave action had caused uniform settlement which in no wise 
injured the paving. Where not exposed to wa^e action, paving still kept to 
line and grade. 

Erosion of earth embankments by wave action may be greatly retarded by 
a floating timber boom, anchored about 3 ft. from the bank. Spring Valley 
Water Co., San Francisco, has for years used log booms anchored a short 
distance above its earth dams to still waves. Booms last about 20 years .20 
Downstream Slope and Top. Top, upper part of water slope, and down- 
stream slope are usually covered with soil and grassed (see p. 1 12) as a protection 
against rain, erosion, etc., and for more pleasing appearance. In regions of 
little rain these parts are sometimes covered with gravel and kept free from 
vegetation. If’ field stones or quarry fragments are abundant, or* if many 

* See also two preceding paragraphs. 
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cobbles are removed from the earth fill, the downstream slope is sometimes 
covered with them, giving a pleasing appearance. Gravel, or other porous 
material should be placed under coarse stone to prevent erosion by surface 
drainage. If a stone layer is used merely for convenient disposal, or intended 
as a drain, and grassing is proposed, surface interstices must be filled with small 
stone before soil is applied. Slips of grassed w'ater slopes on north dike of 
Ashokan reservoir, due to heavy rains of 1010, were stopped by rows of planks 
set on edge with tops 1.5 in. below grade, held by stakes driven down 3 ft. 
Downstream toe of l^riest dam, Cal., 2® is rock fill from tunnel spoil, faced with 
paving. Throttle dam, '3 Raton, N. M., has downstream paving 3 to 0 ft. 
deep. Twice during construction, when 66 per cent, complete, this dam was 
submerged by flood waters without serious injury to embankment.^' Down- 
stream toes of some dams are rii)rapped to a depth as great as 10 ft. to resist 
backwash of spillway discharge. For grassing, see p. 112. 

Costs. Justin'^d estimates slope protection to cost | to | the total cost 
of embankment. To reduce costs at Deer Flat reservoir, U. S. Reclamation 
Service, coarse gravel was dumped on the finished 1 on 3 slopes so that the 
top width was increased from 20 ft. to 51 to 67 ft. ; the cost was such that 
graveling can be repeated twice before cost of ripraj) paving the whole slope is 
equaled. During four working seasons, beaches and terraces have been 
formed and subsequently obliterated by working down the slopet^i For latest 
surveys, see Reclamation Record, March, 1923. 

DESIGN AND CONSTRUCTION* 

Limitations in Design. f No mathematical formulas nor even general 
rules can be stated for designing earth dams. Long ex})erience has established 
some dimensions afiproximately and some methods of construction. Intelli- 
gent selection and use of materials in design, ai*d scrupulous, painstaking 
faithfulness in construction, are esscfntial. A wide variety of earths may bo 
used, either alone or in c.oinbinations, but nature of materials adopted must 
largely control design and methods of construction. 

Dimensions at top should be so determined as to insure ample thickness 
at and below full-reservoir level. Available materials, size of reservoir, 
and necessary factor of safety will principally determine. Height and weight 
above water level are needed to resist water and ice pressures and maintain 
‘ compactness to resist percolation. The depth to which frost tends to make 
the earth in the top of a dam friable and jx^rvious must not be overlooked. 

Top width should not be less than 10 ft., except in unimportant dams; 
requirements for highway may increase this to 30, 40, 50 ft. or even more. 
Top width of Huffman dam, Miami Conservancy District, is 30 ft. For 
highway details, see E, N, R.j Oct. 23, 1924, p. 661. 

Justin^^® quotes as rules: (a) 5 ft. + height -J- 5; (b) height 4-4. 

Freeboard. The top of a dam should be so high that even tops of waves 
will not send water over. Waves will run up paving beyond their hei^t. If 
back of the dam there is a long stretch of reservoir in the direction of persist^t 

♦ For Construction Plant on Miami Conaervancy District se© Part X, Teohnioal Rc^rta, 

t Justin attturjpts tp apply formulas in ‘*The Design of Earth Dams," T, A, S» C. R.* 

1924, p. 1. 
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winds, friction of wind on the water surface will raise the warer level against 
the dam as well as making high waves. These may be combined with a flood. 
Height above full reservoir should not be less than 5 ft. in small reservoirs or 
10 ft. for larger ones. For important dams it is frequently 15 to 20 ft. Table 
68 indicates American practice. 

Slopes and Berms. Stability of earthworks depends on the friction of 
component parts, which is measured by the angle of repose. Friction is 
greatest for coarse and least for fine soils ... A slight addition of moisture 
increases the coefficient of friction, but an excess of water acts as an unguent 
in diminishing the friction. ”3d Slopes are detern lined largely by the character 
of material* and the position it would assume when saturated, also by factor of 
safety desired and .irniiortance of dam. Burr Bassell^z would make cross- 
sections heavy enough to afford factor of safety of 10 against sliding. 

Slopes for dams not exceeding 30 to 40 ft. in height may be uniform from 
bottom to top — 1 on 1| to 1 on 3 for the water side, and 1 on to 1 on 2 for 
the downstream side. Slopes on the water sides of high dams should not be 
steeper, as an average, than 1 on 2^. Much flatter slopes have been used, 
as flat as 1 on 5 for compacted embankments, and very much flatter in special 
structures. For high darns, horizontal berms vshould be used to buttress the 
slope at vertical intervals not exceeding 30 ft. and the slopes should be flattened 
toward the bottom, imitating a natural hill. 

Settlementf and Shrinkage. In computing earthwork quantities, consider- 
ation must be given to the larger space occupied by freshly excavated material, 
and to the fact that, in a compacted embankment, the volume becomes 8 to 
15 per cent, less than the original; part of this is duo to waste in handling. 
Allowance must be made in order to secure the desired dimensions and eleva- 
tions in the settled structure. Slopes are trimmed subsequently. Indian 
engineers add 2.5 to 3.5 per cent, to height ;3© Justin suggests 3 to 5 per cent.^^f 
Uniformity of settlement is essential; otherwise slips will occur. If dam is 
placed in layers too great for proper compacting, settlement will not be uniform. 
Method of constructing dam near Trinidad, Colo., 45 ft. high, caused settle- 
ment of 6 ft. To regain proposed height, material had to be placed on down- 
stream toe.-* No settlement of embankment for Hill view reservoir,! placed in 
4-in. layers, has been detected .^3 Settlement after 3 years on two Porto Rican 
dams varied from 0.26 to 3 per ceiit.34 No allowance for settlement was made 
on Standley Lake dam; it settled 12 per cent.,^so that top was below spillway 
level .35 Settlement cracks allowed leakage to cause failure of Apishapa dam.36 

Materials, impermeability is desirable in an earth structure, if cohesion 
is to be utilized, and dangers of piping lessened.^! Justin'^K claims that, Not- 
withstanding this generally accepted requirement, among materials found m 
dams successfully constructed in conformity with the inherent properties of 
each, may be mentioned loose rock, sand (fine to coarse), gravel and silt, rock 
flour, soil, and clay. For very dense compacting, earth should be placed in, 
4-in. layers and rolled under a pressure of at least 30 lb. per sq. in., until con** ^ 
solidation results. The best natural materials are those which, when 

©Slopes at Qilboa dam wore flattened to conform to the eharaetpristios of tl&fi matexialis.** 

^ I No observatioiw later than 1916. 
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break into ^ Hough*, not brittle, fragments, and have a dull and irregular 
fracture.” At Lahontan dam, best material was found to be an artificial 
mixture of gravel with equal parts of soil or silt.37 Some earths which, when 
thoroughly saturated would assume slopes flatter than the face of the dam, 
may be used to a limited extent in dams of liberal section by mixing with more 
stable materials or by placing in the heart of dam with a considerable thickness 
of better material outside. Paving adds to the safety of such construction. 

Weight of Rolled Earth Embankments. Average of twelve samples, rolled 
in layers 4 in. thick after compacting, 136.0 lb. per cu. ft. Average of eight 
samples, rolled in layers 6 in. thick after compacting, 138.4 lb. per cu. ft. 
Samples were taken from five well -distributed places on dikes for Ashokan 
reservoir. The material was mostly clayey loam; some samples were sandy 
loam and others gumbo, all with varying percentages of small stones excepting 
that two gumbo samples contained no stones. 

Plane of Saturation. Strange^ says that few existing dams are impervious. 
Researches by Croes, Smith, and Sweet determined that in an earth dam, 
with masonry core, there was a continuous water plane, extending from the 
water surface of the reservoir to the core wall, and on the downstream side 
to the toe, having a maximum inclination of about 20 per cent., showing that 
cores are not watertight, as the dam was saturated below thisj)lane. 

The slope of this plane of saturation indicates the degree of tightness, 
and its height, the decrease in weight and stability of the dam. Material 
below this plane has less resistance to slipping. Necessary conditions to 
stability are: curtailment of the quantity of seepage so that no erosion can 
occur, and restriction of plane of saturation within the base of the embank- 
ment. 

Investigations* have been made at the Croton dams and elsewhere. t 
U. S. Dept, of Agriculture is studying saturation of existing dams. Tests 
at Titicus dam,J by measuring height of water in pipes set in the embank- 
ment, showed that the water level in the upstream pipes fluctuated with 
that in the reservoir, while that in downstream pipes corresponded more 
closely with ground-water level, thereby indicating that the core wall formed 
a barrier to passage of water. From these experiments, it was concluded that 
shape of dam, natural or artificial underdrains, springs or leaks (other than 
percolation), and rainfall, controlled amount of saturation, if not entirely, 
fully as much as the imperviousness of the core wall and the earth embank- 
ment. A core wall cannot be*depended upon to prevent saturation of the 
downstream slope. 

Cores in dikes of Wachusett reservoir consist of 6-in. layers of fine loam 
soil well sprinkled and rolled. Ex]^eriments have shown that while the plane 
of saturation on the reservoir side was at water level, immediately below the 
core it dropped to a level slightly below the base of the dam. Measurements 
proved that the water draining out of the dike was not in excess of the natural 
drainage from precipitation on the area of the dike itself. (See also p. 205 and 
^.R., Nov. 30, 1901, p. 520.) 

’‘"See bibliography, T. A, 8. C. E., Vol, 87, 1924, p. 2. 

t For results at Coquille dam, see T. A. S. C. E., Vol. 87, 1924, p. 124. 

t On Croton watershed. Core walls of this dam and other Crdton dams tested, are of rubble 
masonry in Rosendale natural cement mortar. 
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Justin5®8 gives various analytical studies of the locatiod pf the plane, which 
are of qualitative value, although premised on formulas derived from labora- 
tory materials. 

Drainage. To keep the plane of saturation as low as possible, will decrease 
the tendency to slough and thereby increase stability. This is accomplished 
by placing the more pervious material in the downstream part of the dam 
with an ample loose stone drain under it, and a collecting pipe beneath. From 
the latter, a pipe with tight joints is laid to a safe point of discharge; and 
arrangements are commonly made for observing or measuring the flow, so 
that if increase occurs, reasons may be promptly sought. If seepage is found 
slightly muddy, it indicates that fine material is being washed out of the dam. 
This means that a water passage is being formed which is likely to enlarge, 
perhaps rapidly, and cause trouble or disaster. 

Downstream slopes should be protected from erosion by preventing 
concentration of surface drainage. Gutters should be made along the inner 
sides of berms, and water thus collected taken into a pipe drain laid beneath. 
In a long dam, pipe drains should be laid from the l)erm drains at suitable 
intervals down the slope, and the drainage led to a safe point of disposal. 
Manholes should be built on pipe drains at convenient points for inspection 
and cleaning. On Sherburne Lakes dam, Montana, ground-water conditions 
in the flankuig hills required an unusually complete system of drainage, 
involving a core of screened gravel, the base of which was drained by outlet 
pipes. 38 

Foundations for earth dams should be firm and impermeable, of a character 
to support the load without sensible compression, and free from fissures and 
porous layers. Strange gives the rule: 

All soils which are suitable for the formation of the dam are also good for its 
foundation: those which are unsuitable for making the embankment are bad for 
its foundation and should be rernoved.^fi 

If their extent makes this impracticaTl^le, some form of cut-off must be 
employed, or site rejected. Springs should be led outside the site. vSeepage 
should be minimized by clearing, grubbing, and, where ne(;essary, furrowing 
the darn site, and removing organic or porous material. Foundation seepage 
is held accountable for some failures, notably at Horse Creek dam.38 

Outlets* and stream control conduits may be separate structures, or one 
fulfilling both functions. Unprotected pipes should not be laid through 
embankments below water level; unequal settlements, even if small, may 
cause breaks. Water is likely to follow along outside of any conduit. If 
rock is near surface, or dam is on very compact earth, masonry outlet may pass 
beneath embankment, with frequent cut-off walls to prevent flow of water 
along outside, t Great care must be exercised in compacting embankment 
to get tight contact with conduit at every point to prevent seepage. In 
some situations, as at Ilenshaw dam,i7 a tunnel around end of dam is best out- 
let; in others, outlet may be distant from dam, either tunnel or conduit in 
trench through natural ridge. For small works, siphon pipe over dam may 
be satisfactory outlet, if means for removing air at summit are provided. J 

♦ See also p. 106. 

t Many failures are laid to this omission, notably Sevier River, tJtah.^® 

t Seep. 779. 
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Stream Control, • Stream control problems have been eliminated on some 
western dams by completion of whole structure between consecutive rainy 
seasons ; at Henshaw; dam 400,000 cu. yd. were placed in one season.^^ Double- 
barreled conduits, as at Sherburne Lakes^* and Wanaque,ii facilitate 
handling stream during construction. At Wanaque, the first conduit 
is 3 ft. higher than the second, and was built above water level in a dry spell: 
the lower conduit, at stream-bed level, was constructed after a temporary 
dam had deflected water through the high-level barrel. When a conduit for 
stream control only is no longer needed, it should be carefully filled with 
masonry wholly or for a sufficient portion of its length, before water attains 
much depth in reservoir. 

Outlets should be controlled by a gate-house,* If outlet is through dam, 
gate-house may be in reservoir near heel of dam, or, if the dam has a substan- 
tial masonry core wall, tlie inlet gate-house may be built integral with it. 
Either method affords security and convenience at a lower cost than a separate 
outlet. Water is led to the second type of gate-house by wing walls retaining 
the embankment, or l)y an extension of the culvert. Outlet i)orts should be 
at different depths to take off water according to quality. On large works 
a second gate-house, termed lower gate-house,'^ is generally located at down- 
stream toe of dam, and contains valves for regulating and controlling flow into 
aqueduct. Pipes in conduit generally connect the two gate-hou!§ies. 

Construction work should be scheduled to avoid the rainy seasons, as 
excessively wet fill cannot be rolled. Some moisture, however, is required 
for proper compacting, and if the material be delivered too dry, it must be 
sprinkled. Methods of construction should be such as to secure a dense, uni- 
form mass, to minimize seepage, shrinkage, and settlement, and so placed in 
horizontal layers that any cleavage planes that might accidently occur will 
not promote slipping. Bond between layers should be secured by scarifying 
and sprinkling, if necessary. 


Table 63. ' Pressures per Linear Inch of Wheel Width Developed by Road Rollers f 


Makf'ns 

NunibiTH 

•if 

wheels 

Nomirml 

tonnage 

Weight in 
lb. on 
wlieel 
earrying 
max. load 

Pressures, 
lb. per lin." 
in. of 
wheel 
width 

Austin Motor 

8 

7 


359 

Buffalo li^ringfi(4d 

Austin Motor .• 

‘2 

8 

10,050 

250 

2 

8 


257 

Austin Motor 

3 

8 


334 1 

Buffalo Pitts 

3 

10 

8,170 

454 

Aui^tin Motor 

3 

10 

418 

Monarch 

3 

10 

7,400 

370 

Buffalo Springfield 

2 

10 

13,330 

250 

Kelly-Springfield 

3 

10 

7,800 

390 

Austin Motor 

3 

12 


455 

Buffalo Pitts 

3 

12 

9,170 

460 

Kelly Springfield. 

3 

13 

9,800 

445 

Austin Motor 

i 3 

15 


460t 

Buffalo Pitts 

3 

15 

11,830 

635 . 


Bee also Chap. G, p. 205. « 

t Information furnished hy BuffaloSpriogficld Roller Co., Springlield, Ohio, and Austin 
Western Road Machinery Co.., Chicago. 

$ Wider rolls than next sise lower of same make. 
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Sequence of Construction, Construction should begin at the bottohi of the 
valley and can be carried up substantially level. If a temporary gap must be 
left for stream, railroad, or highway, great care must be exercised when filling 
it to make impervious junctions. Sides of gaps ought not to be very steep 
and should be trimmed free of poorly compacted material just in advance of 
placing earth in the gap. Allow dam to stand dry as long as possible, before 
subjecting to saturation. When a dam built dry is subjected to water pres- 
sure, equilibrium must be reestablished internally. A few western dams have 
shown increased leakage after a drought when the water level is raised 

Placing, Earth may be brought on to the dam by wagons, cars, cableways, 
or baskets carried by men (for sluicing, seep. 216). . At Lahontan dam, 700,000 
cu. yd. were delivered by belt conveyor, 925 ft. long.37 Tractors, or wagon 
loaders pulled by tractors, will prove economical at borrow pits. Earth 
should be deposited systematically, spread to layers of uniform thickness by 
scrapers or by hand, and stones of larger diam. than the thickness of the layer 
after compacting removed. Even much smaller stones cannot be permitted in 
nests or as a large proportion of the material. If selection or mixing of earth 
is necessary, it can be accomplished by proper jdacing of loads as delivered; 
harrowing may sometimes be advantageous. 

Conipactmg during construction is essential to (*-onsolidation; it is c()mmoniy 
done with power or horse rollers* having loose rings, grooves, cleats, or other 
devices for concentrating the loads. Occasionally specifuiations stipulate a 
pressure of 30 lb. per sep in.; the more usual specification, and the one preferred 
by the roller manufacturers, stipulates the pressure per linear inch of tread of the 
larger wheel. On Keechelus dam, U. S. Reclamation Service® required: '^6 
impressions with a 12-ton traction engine giving about 300 lb. pressure per in. 
of tread of rear wheels.’^ The necessary number of passes of the roller depends 
upon its weight, nature, material to be compacted, and several other circum- 
stances, and can be best determined b5^ trial. The mistake is often made of 
using thicker layers and a heavier roller. Borne layers of the failed Horse Creek 
^am were 4 ft. tliick; no rolling.®® Droves of horses driven back and forth 
are effective. If the earth is brought in wagons, much of the compacting can 
be secured by judiciously distributing the travel. On Bassano dam,4i spread- 
ing by 4-horse Erc;sno scrajxns to a thin layer resulted in such incidental 
compacting that the clause in specifications requiring rolling was not enforced. 
Since neither horse nor power rollers can con^pact the earth close against the 
wall, this portion of the embankment on each side must be very carefully 
rammed by hand or very thoroughly puddled so as to be homogeneous with 
adjoining parts of the bank and in tight contact with the wall.f In general 
the upstream half of the dam (?*.e., the portion intended to be most imperme- 
able), should be so compact that, after removing the looser surface material 
at any stage of work, a pick, crowbar or shovel cannot be driven into the bank 
more than an inch or two by one strong stroke. Thickness of earth layers in 
the most impermeable part of a dam is commonly 3, 4, 5, or 6 in' after cort 
pacting, depending upbn character of materials, degree of security desii^ed, 
permissible expenditure, and judgment of the engineer. In remainihg earth 

* Dumping froiia a trestle never constitutes proper consolidation. 

fOn some dikes of Ashokan reservoir special 19-ton rollers had rear wheels plaoed so as tO oom- 
paot the earth close to the core wall. 
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portions, layers are often of considerably greater thickness and less thoroughly 
compacted. Nowhere may work be so done that any serious settlement or 
slip can occur if the material becomes wholly or nearly saturated, as is fre- 
quently the case, due to seepage or rain or both. 

Hydraulic Consolidation, Dry earth on dam at Wichita Falls, Tex.,^2 was 
placed in fills 3 ft. deep, and flooded; layers consolidated and dried out ready 
for the succeeding lift in 7 to 12 days. Material was favorable to process, 
contained 45 per cent, voids, and saturated and dried out readily. On dams 
with heavy soils, the experience of Morgan Engineering Co.42 has been that 
layers are limited to 12 or 18 in. This irrigation^' or ''ridge and wet- 
trench" method was also used on Balmorliea project ,28 and Costilla Creek, 
N. M.43 



Fig. 84.1*^ 


Estimates. Based on top width of ^ , upstream slope 1 on 3, downstream, 

1 on 2, volume per lin. ft. in cu. yds., = 0.1//*. The unit cost is influenced by 
the height, since: (a) haul is gf eater; (b) earthwork shrinkage is greater; (c) 
time is consumed in raising machineiy. If a low dam costs x cents per cu. yd., 
cost in cents per lin. ft. for one H ft. high is given by Johnston^^ as 

Damage to Earth Structures by Burrowing Animals. Of 61 recorded fail- 
ures, most are blamed to burrowing animals, especially when other plausible 
reasons are lacking. Muskrats worked such havoc to embankments of the 
Delaware and Raritan Canal that employees received a bonus for each one killed. 
Animals generally attack unprotected banks, but instances are on record in 
India of mortar being picked out of interstices in stone paving. Animate found 
in many regions liable to injure earthworks are: rat, mouse, weasel, common 
hate, rabbit, common porcupine, badger, earthworm, locust, eel, turtle, snake. 
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crawfish, kingfisher, fox, skunk, beaver, woodchuck, mink, mole or shrew, and 
muskrat. The muskrat is undoubtedly the most dangerous. Animals 
actually known to have injured earthworks are: muskrat, woodchuck, Indian 
rat, yabba, snake (in India), fiddler crab, gopher, kingfisher, mole, mollusk, 
eel, crawfish, mouse, and beaver. The various ways of preventing inroads 
of burrowing animals are: (1) resistance of hard-rolled homogeneous 
material; (2) core wall of puddle, stone, concrete or timber; (3) paving 
on upstream or both slopes; (4) sodding downstream slope; (5) poison has been 
placed in the water of some navigation canals, but naturally this is not appli- 
cable to water supplies; (6) employment of men to patrol embankments. (See 
also p. 196.) 

Failures. Especially in structures insusceptible of mathematical analysis, 
failures offer important guides to successful construction. Of 63 earth dam 
failures recorded by Justin,i4k 1 1 were due to piping, slips, and sloughing; 27 to 
inadequate spillways; 11 to poor construction along outlet; 3 to internal pres- 
sure; 4 to foundation weaknesses; 2 to unknown; 1 to burrowing animals; 
and 4 to miscellaneous causes.* Increased ground-water head has been known 
to force water under foundations. It may saturate the abutting banks of 
the valley and cause sloughing. Earth dams which have failed have been 
mostly minor structures, built without engineering supervision, or built in 
disregard of engineering advice. Even that most disastrous break, to which 
allusion is still so frequently made, the Johnstown flood, was caused by disre- 
gard of simplest principles of earth dam construction, such as could not 
possibly occur under direction of a fit waterworks engineer. 

HYDRAULIC FILL DAMS 

Characteristics. Hydraulic fill dams are built by selective deposition of 
earthy materials from flowing water. Requirements of top width, height, 
slope protection, and berms are similar to those for dams built dry. The 
fine material deposited in the (;ore furnishes the watertight element. Most 
economical conditions are suitable materials at each end of dam site above 
level of top of dam, and abundant water under sufficient head for hydraulic 
excavation and sluicing. 

Methods of Construction. If the entire process is hydraulic, as is the 
general western practice, materials are excavated by nozzle jets, transported 
in sluices to the dam site, and selectively deposited by control of velocity. 
The heavier materials drop near outlet, and the fines ultimately settle in 
the core pool, the basin for which is formed by prior construction of low dikes 
along the edges of the dam at successive stages. When deposited, the core 
is fluid and is held in position by the outer portions of coarse materials. Where 
grades for transportation cannot be obtained, hydraulic selection may be 
secured: (1) by dumping all materials dry on the edges, whence nozzles wash 
the fines into the core,t as at Somerset, Vt.;45 or (2) by dumping materials 
into boxes, where nozzles break it up and wash it into a pump-sump protected 
by a ^^grizzly,^^ whence it is pumped to place of final disposition, as at Miami, 
Ohio.^® Both methodst are termed ‘^semihydraulic'^see p. 215). 

* See also “Record of 100 Failures/* by Jorgensen, J. Elec., Mar. 15 and Apr. 1, 1920. 

t Dams built by ‘this method include: Bridgewater, N. C.;^* Davis Bridge, Vt.;^!' Henshaw, 
Cal. Somerset, Vt.;** and Willow River, Ore. 
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Recent hydraulic-fill dams include those of the Miami project, Terrace, 
Santa Maria, and Onion Valley.* 

Advantages are: (1) Rainy weatherf will not halt work. (2) Power is 
largely substituted for muscle. (3) In a narrow gorge, as at Henshaw dam,'^ 
construction is quicker than by dry methods, due to interference of teams. 
(4) Due to extra pressures exerted by the core until drained, the greatest 
stresses occur during construction, thus affording a factor of safety in the com- 
pleted dam. (5) Cost is less. For costs at Terrace reservoir dam, see E. N, i?., 
Apr. 7, 1921, p. 599. Hazen says: 

The advantages and economy of the hydraulic method arc such that it will 
often be good business to use it, even though the reciuirod volume of the dam 
would be greater, so* 

Disadvantages. For a successful dam, rigid control must be had at 
all stages of construction. There have be('n c()nsi)icuous failures at Neeaxa®* 
and Calaveras,®* which have tended towards its disrepute. If the materials 
available do not contain the proper i)roportions of coaise and fines, nor the 
right sizes, a satisfactory dam cannot result. 0’Shaughnessy®ol> doubts the 
economy in this type; Calaveras construction costs were 45 cts. per cu. yd. 
although the estimate was 20 cts. Elliott®® c warns against choice of this 
iype on the sole ground of economy, when some otlu'r ty])c might better meet 
conditions. With fluid cores and inadeejuate slo])es, an instability exists 
which was not recognized in the earlier designs. 

Desiderata for good design and safe construction are : (1) sufficient coars(», 
heavy material in the slopes, segregated by flowing water in such manner as 
to form a progressively denser mtiss inward; (2) care to avoid introduction of 
any fines, to act as a luliricant in the mass of the sloix's; (3) enough granular 
material in the core to minimize its plasticity, and enough clay to secure 
substantial imperviousness. • 

Materials above solid rock are most easily worked and have been most 
extensively used. Most suitable mateiial is an admixture of soil, clay, sand, 
gravel of all sizes, and rounded boulders up to the maximum sizes which can 
be transported with the water and grades of sluices, ditches, or pipes, avail- 
able. For good results, clay should constitute 10 to 30 per cent, of the whole; 
it acts as a lubricant during transportation as well as rendering the dam tight. 
Angular stones may be used, especially if the proportion of clay is large, but 
they are much more liable to lodge in sluices, cause greater wear, and maximum 
sizes which can be transported arc smaller. Pure clay is the most difficult 
material to use, because most unstable while saturated with the water needed 
to transport it and because it gives up water slowly: shrinkage is much greater, 
cracks are more likely to open during maturing process (drying out and 
settling), and it is more difficult to maintain slopes. Nevertheless, ‘*wet 
clay under pressure will part with its water even though the mass be entirely 
surrounded by that liquid, and when finally consolidated, a dam of. this 
material cannot be excelled for watertightness and solidity. Clay with finid 
below a certain minimum eliminated makes good core, and when overlaes 
with sand, gravel, and rock in outer portions, its surplus water is squeezed 

♦ See aUo "Reservoir® for Irrigation, etc.,*' J. D. Schuyler (Wiley, 1908)^ 

t Junction dam, Mich., wtm built dunng printer months.'* • 
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out and necessary drainage afforded. Almost any kind^of elay can be use^ ^ 
in this way,, but surface clays and soils thoroughly weathered natur&lly are 
preferable to deep-seated clays in beds of such depths as to have undergone^ 
few changes by the elements. Fine, sand, glacial flour, rock dust, or any 
finely pulverized non-plastic material is preferable to pure clay, for the reason 
that when settled in water it is not subject to shrinkage or further settlement, 
and is practically impervious if the particles are fine enough to pass a 100-mesh- 
per-in. sieve. Mixtures of fine sand and clay are best of all. The suitability 
of materials is often determined by weighing. Dams built by Creager on 
‘Beaver River are of a “truly sand’’ material, the proportion of particles over 
i in. being practically negligible. The fines are also sand.®^ At Terrace 
reservoir dam, the terminal moraine deposits contained 15 to 25 per cent, of 
rock, 0.5 to 3 cu. ft. in volume, with occasional masses of rock in excess of 
1 cu. yd.^* At Calaveras dam,i rock intercepted by the grizzly was passed 
through a crusher. 

AnalyaiSj at borrow pits for Henshaw dam,!^ of material made up of 66 
per (;ent. sand and gravel and 33 per cent, clay are given in Table 54. 


Table 64 


, Mosfi pcT inch 

Per cent. 

200 . . 

22.30 

100 

39.50 

80 

52.50 

50 

66.00 

40 

72.80 

30 

80.00 

20 

89.60 

10 

98.45 

Material washed out, por cent 

34.25 

Per cent, material passing after washing 

Total fines washed out and passing lOO^intish 

20.75 

55.00 


Similar analyses for Somerset dam are reported by Holmes in E, N,, 
June 4, 1914, p. 1237. On Tieton dam, the material iJaced next to core was 
sized from IJ in. to 80 mesh.'® 

Urumitahle material has been held responsible for several failures of hydrau- 
lic fill dams; at Schaefer dam®®^ the material was either yellow clay, or rough, 
angular sand rock, with very little sand or loafh; the clay puddle core remained 
the consistence of cream. 

Gore is the most important element. It should consist of the last particles 
to settle out of the water of transportation, the “fines.” Early practice used 
a core width two-thirds that of the dam. Recent practice favors a narrower 
core. Elliott®®® and others favor a core pond width not more than 20 per cent, 
of the total thickness of the dam at all elevations. Advantages are: (1) It 
is wide enough for facility of construction. (2) It is sufficient for watertightnesi ■ 
(3) There is no danger of tongues of coarse material encroaching on the core. 
The practice of Miami Conservancy District®® d was to limit width of core to 
height of dam above the given level; this resulted in a maximum width of 
core of 20 per cent, of thickness of dam. There is little overhimglng of the 
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coarse material, and under such conditions are eliminated: (1) sloughing of 
coarser material into core; (2) squeezing of fines into slope; (3) bursting pres- 
sures. Burrsoe also favors a reduction in core width. Hazen®oi recommends 
that core be made as narrow as possible; critics question advisability of this, 
especially since under the stress of construction, it is not practicable to control 
the core lines to a nicety. There is always a danger of the slope material 
sloughing across the core and forming a tongue of pervious material through 
the dam. 

Depth of core pond should not be too great, or hydrostatic pressures on 
slopes will be excessive. A depth of 1.5 to 2 ft. was used at Quernahoning 

dam.sof 

Solidification* of the core from a fluid into a stable element is accomplished 
through drainage t and corn})acting. Opinions differ as to the more impor- 
tant agency. Hazen argues that water content under pressure creates a 
quicksand condition : 

The puddle clay core of an hydraulic-fill dam is physically like quicksand, but 
with particles one hundred times smaller in diameter and a million times smaller in 
weight. It has the instabilit3' of quicksand in full measure and it retains it for a 
long time, or perhaps indefinitely.sog 

Fines, Some cores are of too fine material and the retained water hinders 
•solidification. The proper size for core material is not yet •established; 
•Hazensob concludes: 

1. It is not well to build an hydraulic-fill dam of material of which any 
large percentage consists of clay or of particles less than 0.01 mm.t in diarn.; 
and in general all such smaller particles well be wasted and excluded from 
the dam. 

2. By reducing the construction pool to a minimum, and by controlling 
it and the quantities of water used for sluicing, the core material may be held 
to a certain degree of coarseness by wasting all smaller particles. An effective 
size of 0.01 mm. may reasonably be sought. Elliott^oc argues that mainte- 
nance of proper relation between slope and core will automatically take care 
of grain size. At Henshaw darn^^ about 20 per cent, of fines were wasted, and 
used to seal reservoir bottom. Several notable failures of hydraulic-fill 
dams indicate the danger of rapidly building a dam with a large per cent, of 
very fine material. Pauisoj doubts practicability of maintaining a limit 
of fineness of 0.01 mm.; cost of construction of Miami Conservancy dams would 
have been greatly increased, and* presumably imperviousness of cores lessened. 
Satisfactory consolidation in cores of these dams is taking place, despite the 
fact that about 40 to 60 per cent, of the material is finer than 0.01 mm. On 
the Conservancy and other dams excess of fine material was controlled by 
mechanical analysis. 

Muckleston^ok cites a sandy clay soil placed behind a retaining wall 
hydraulically, which never consolidated and after a year was removed by 
discharging through 1-in. holes drilled in .the wall; the material poured out 
much like thick molasses. 

•See also “Settlement,” p. 214. 

t Hollow core wall to promote drainage is patented (No. 1011427). 

i Benny’s description, T. A, S. C. E,t Vol. 74, 1911, jp. 82, is endorsed by Hasen: “fine sandy 
idlt of the arid West, haying little cohesiveness, good self-drainage properties, becoming hard, and 
solid after a short time;”' 
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Table 66. Typical Analyses of Core Sonlples 

Miami Conservancy Dams 



« 

T3 ► 

P bO 

ois.a • 

3 "-s-l e 

»<gs.sa 

Germantown 
dam, per- 
centage 

■gi 

S „ 08 

bC S P 

P e3 

li. 

laf 

O 03 g 
©13 o 

M 

Taylorsville 
dam, per- 
centage 

Huffman 
dam, per- 
centage 

Fine gravel 

2 to 1 

0 

0 

0 

0 

0 

Coarse sand 

1 to 0.5 

0 

0.4 

0 

0 

0 

Medium sand 

0.5 to 0.25 

0 

0.3 

0 

0.1 

0 

Fine sand * . . . 

0.25 to 0.10 

4.2 

4.6 

1.0 

1.9 

2.8 

Very fine sand 

0.10 to 0.05 

17.3 

10.6 

10.1 

18.1 

15.0 

Silt 

0.05 to 0.005 

.56.0 

.52.7 

50 . 6 

50.7 

52.5 

Clay 

0.005 to 0 

22.5 

22.0 

20 . 3 

20.2 

29.8 


Table 56. Effective Size and Uniformity Coefficient of Core Materials 

Holmessol 



I CatawVia 

[ Linville 

Paddy Creek 

Size at 60 per cent, by weight, in mill- 
meters 

0.146 

0.150 

0.157 

-i- Effective size (at 10 per cent, by 

weight), in millimeters 

= Uniformity coeflicient 

0.026 

5.6 

0.028 

5.4 

0.030 

5.2 




Slopes. During construction, low dikes on either slope are carried up 
in advance to retain the core pool. In a theoretical section with core width 
decreasing toward top, the coarse material partly overlies the core, and in the 
completed compacted dam, the core must support the slopes. The slopes 
of the core are an important element in stability of the dam; if too flat, the 
superimposed weight of the granular material of the slopes will be too great 

Up 

10 . 


50^ o' 50* lOo' 15 0* 

Fig. 85. — Miami Conservancy District darns. (T. A. S. C. E., Vol. 85, 1922, 

p. 1509.) • 






Down S+rc<5im 
;Berm 


for the uncompacted core to sustain, and some of the coarse material will 
slough into the core, lessening its imperviousness. Sloughing was detected 
by rod soundings on Miami Conservancy dams.53 

Slope material should constitute two-thirds to four-fifths of the bulk, 
equally divided between upstream and downstream sides; it should be heavy 
and free draining (small boulders, stone fragments, gravel, etc.). 

Rock fill may be used for downstream portion and hydraulic fill upstream, 
if local conditions so dictate. If sluiced materials are deficient in rock, gravel, ^ 
and coarse sand, brush is used in maintaining the edge dikes, banks, or levees. 
Slopes constructed by the hydraulic process have the advantage of being 













214 WATERWORKS HANDBOOK 

* ■ * ■ 

< 1 . ' 

freed from slimes, and it has been found that they are better packed than 
those dumped in place. 

Schuyler attempted tp secure a gradation of material from coarse at the 
faces to fine in the center. This would insure greater voids at the faces and 
better drainage, and would reduce damage caused by seepage. There exists 
between core and slope a transitional zone of fine sand, silt, and other material 
readily moved by W'ater, but which will settle several feet in an hour. 
Morgan®®® found that this zone had a variable width; it was assumed 25 ft. 
wide on each side of the core in the Miami Conservancy dams. 

Limits. Hazen®®® computes the slope required on the l)asis of a coefficient 
of friction of 0.5 and equal weights for outer and core materials, and finds that 
a factor of safety of 3.0 requires a slope of 1 on 0. He recommends :5®P Make 
the outer portions large enough safely to resist the pressure of the core as a 
liquid until there is satisfactory evidence that solidification of the core has so 
progressed that horizontal pressures are negligible. He would further stabilize 
the outer portions by so placing rock fill on them as to minimize voids, and 
reduce the chance of settlement. Slopes should be sufficiently flat to insure 
the stability of the dam under all conditions of saturation. In most cases a 
slope of 1 on 3 upstream and 1 on 2 downstream will insure this, if the correct 
materials are used and if they are correctly placed.®®^ ^ 

Foxmdations must be naturally stable and impermeable under expected 
reservoir pressure, or must be made so. This is particularly important where 
the reservoir is situated on porous lava flows as in northwestern United States. 
The wastage of the fines from the core assists in silting the reservoir bottom.* 
A dam on Bridgewater project, N. C., was founded on gneiss, composed of 
saw-tooth strata giving a good bond for the earth-fill materials. Foundations 
should be prepared as for other classes of earth dams, including cutoffs. 
Goiicrete walls', steel or wooden piling extending down into impervious 
material, are sometimes carried up for greater or less heights into the dam, the 
piling being footed in concrete. 

Settlement. Since, during construction and maturing, parts of hydraulic- 
fill dams change from liquid mud in unstable equilibrium to solid bank, 
considerable settlement takes place and must be provided for. This process 
is sometimes very slow, and in a large dam may limit rate of construction. 
It is good practice to test dam at all stages by permitting water to rise in 
reservoir to within 10 or 15 ft. of top. Hazcn®®« concludes that full stability 
may be reached when the voids in the core material lia ve reached between 50 
and 40 per cent., and that material with 35 per cent, voids would give greatest 
strength and stability. C. E. Curtis®®! suggests the probability that the dry 
material placed by hand on top of Quemahoning dam settled into the semi- 
liquid layer of core, absorbing the water it contained, so that the whole mass 
became stable. 

Provisions during Construction. Quemahoning dam was built to excess 
height of 3 ft.; observations showed an average settlement of not more than 
9 in. (less than 1 per cent, of height), after 9 months.®®! For the dam at 
Bridgewater, N. C.®^ contractor was required to place 10 per cent, exira 
material to allow for shrinkage. 

Utili»ed at Henshaw dam.*^ ; 
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have occurred during the construction of many hydraulic dams, due 
to badly drained core material. DiUmanSOr says that drainage will avoid such 
accidents, and will cure slides. For Calaveras slides, see reference 52, p. 221. 

Tests with Gfoldbeck pressure cells^® demonstrate that material in core acts 
as a perfect fluid during early stages of settlement,, until solidification ensues. 
The degree of solidification is generally measured by the depth to which a 
pipe or ball can be put down. On Quemahoning dam, Curtis^oi found that 
two men could push a l-in. pipe down 30 to 35 ft. and could, drive it 60 ft. 
For records of penetration at Bridgewater, see E, N. R.y Aug. 12, 1920, p. 
308. Penetration tests with a 6-in. cast-iron ball were made regularly at all 
Miami Conservancy damssoj and were considered valuable as indicating 
quantitatively the degree of consolidation. Investigations also made at these 
dams with Goldbeck^e pressure cells indicate that the core at lower elevations 
is consolidating satisfactorily; the consolidation begins within a few weeks, 
and after a few months lateral pressures are about one-half of the vertical. 

Samples are sometimes taken from soundings although their representa- 
tiveness is questionable. Neither will well-drill explorations yield reliable 
data, as grinding results from the process. At Henshaw dam,i7 test pipes 
driven up from culvert (with static head on clay and gravels, of 21 lb., or 50 
ft.), recorded a water pressure in the clays of 5 lb. and in gravels, 9 lb. At 
this pressure, a 2-in. i)ipc would exude 0.13 cu. ft. of clay per hr. Under these 
conditions, one man could work a l^-in. pipe 7 ft. into clay; 3 months later the 
gage recorded no clay pressure, no exudation took place in 12 hr., and a iV 
ih. sharpened bar (;ould be pushed into clay but 5.5 ft.* 

Excess Material. At Taylorsville dam^s for the Miami Conservancy 
District, measurements in fill showed an increase of 25 to 50 per cent, over 
measurements in cut. Material in the cut was exceedingly dense and when 
broken up and rodeposited with coarse sizes at edges and fines in center, occu- 
pied a greater volume. At Henshaw dam,i7 due to separation of the clay 
from the voids in sand, material increased in volume 16 per cent. 

Construction Methods. Flume or pipe for conveying material is often 
supported on high, wooden trestle near the center line of dam. For large 
dams two may be used. Laterals are provided at convenient intervals. For 
small dams, pipe or sluice is laid along edge of bank and raised with it, outlets 
being made at desired points by opening joints or by other simple means. 

Stratification, i.c., formation of continuous layers of pervious material 
through dam, is one of most important things to be guarded against. This 
may be controlled by even distribution of material along slopes, avoiding 
formation of high cones, extending beyond safe limits toward core, and by 
keeping pond on dam as high as possible at all times. Sand and gravel with 
lubricant of clay will take natural slope of between 5 and 8 per cent., but on 
passing into quiet pool will deposit at slope of about 1 on 1, while clay spreads 
through water practically level. Stratification may be corrected by systemati*^ 
cally pushing down 1 X 12-in. wedge-shaped plank paddles to depths of about 
10 ft. along lines 2 ft. apart parallel to center line of dam for a width of 20 ft, 
upstream from center; men work from boats or rafts and repeat operaticin 
from time to time as dam is built up. Central wooden diaphragms or 

* For obaervotions of vertical and horizontal movements, see E. N. R.t Aug. 1023, p* 343. 
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tions are also used to prevent stratification. Sheer boards^B were used on 
Miami Conservancy dams to prevent formation of tongues of coarse material 
at outlet to sluice pipe; use on dam for Ochoco Irrigation District*® to retain 
core temporarily, resulted in economy, control of material, and reduced 
danger of sloughing and settlement. A modification of the semihydraulic 
process at Taylorville dam consisted in saturating the loose, dry fill through 
drill holes until it became plastic enough to move down the slope. Fresh 
material was continually superposed. The cost proved to be one-half of 
rolled fill.57 

Sluicing. Hydraulic excavating requires pressures of 25 to 250 or 300 
lb. per sq. in. Sluicing head’' should be 5 to 20 cfs., although less may be 
used; 20 to 30 cfs. may be handled in one head, and is more effective propor- 
tionately than less. Records are generally compared on ratio of materials 
transported to water used. At Calaveras,^ it averaged 8 percent. Sluicing 
records at Ochoco dam are given in E, N, i?., Nov. 11, 1020, p. 940. 

Nozzle of best form is the hydraulic monitor or giant” with swivel or ball 
joint and interior guide vanes. Sizes vary from 2 to 10 in. in diam. At 
Miami,** 4-in. nozzle, 90-100 lb. pressure, met best the conditions i.e. mixed 
gravel and clay. Deep layers were easiest handled by blasting. At Calaverai^ 
dam,' jets were directed against toe of bank to undermine it; in falling, it 
broke up. • 

Grizzlies are coarse screens, to keep large objects out of pipe lines or pumps. 
Rotary screens at outlet to boxes at Miami** were found better thaii inclined, 
fixed, or traveling grates. Across the sluicing clianncl, and above the mud 
pumps at Calaveras,' 2-in. vertical pipes were driven 4 in. center to center 
screening out rock larger than 4 in. 

Pumping equipment at Quemahoningdam**! was sufficient to deliver 11,000 
g.p.m. against 250 ft. head, or 5,500 g.p.m. against 500 ft. head. At Bridge- 
water, N. C.,*^ to sluice core from fill on edge of slopes three-stage centrifugal 
pumps driven by 300-hp. motors, furnished 2000 g.p.m with a nozzle pressure 
of 175 lb. Pumps on a winter job at Junction dam, Mich. ,4* were housed in; 
no important freezing troubles. Use of manganese steel in pump shells at 
Miami,*7 reduced the renewal costs 90 per cent. Booster pumps are inserted 
on long lines. At Calaveras darn,' 12-in. mud pumps driven by 300-hp. 
motor, forced mixed material against 80-ft. head through 1000 to 4500 ft. 
of 14-in. pipe. Troubles with impellers led to use of manganese steel, with 
economy. ‘ 

Sluices. With sluice grades of 0 to 10 per cent., 3000 to 8000 cu. yd. of 
solids can be transported in 24 hr. by a .sluicing head of 10 cfs. On various 
dams percentage of solids transported by water has varied from 5 to about 50. 
Angular stones not exceeding 2000 lb. and somewhat larger rounded boulders 
can be carried through sluices if sufficient clay or sand is present. Sharp sand 
does not flow as well as rounded sand . At Quemahoning dam*®' wooden sluices 
were 24 by 18 in. deep, laid on 6 per cent, grade. A depth of 6 to 8 in. would 
transport 500-lb. stones. Six per cent, grade was required with wooden sluices 
at San Pablo, *®t and 4 per cent, when steel lined. On 2.9 per cent, grade, 20(> 
lb. rock was carried at Terrace reservoir .48 At Athens, Ga.,** required slope 
of 3 per cent, was maintained as dam height increased, by procuring materials 
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at higher levels* Schedule of operations should consiaer inis element. To 
protect against rapid wear, wooden flumes may have bottoms covered with 
steel plates or wooden blocks set on end of grain. Most successful pipe for 
dam building and similar operations is one having invert of interlocking wood 
blocks set on end of grain, and readily removable for repairs or replacement. 
In tests of cast-iron vs, steel vs, spruce blocks at Terrace reservoir dam,^* 
on 2.9 per cent, grade, the last proved cheapest, and as good as steel. Semi- 
circular flumes of No. 10 gage, 30-in. diam., carried on trestles on grade of 6 
to 8 per cent., were used on a winter job at Junction dam, Mich.^® Joints 
consisted merely of laps; there was trouble from grade disruptions by ice in 
joints. Velocity of 12 ft. per sec. was used at Calaveras Greatest wear on 
circular pipes occurs on bottom third. Life of sluices is increased by revolving 
pipe (twice) after bottom wears. Welded pipe of high-carbon steel gave four 
times the service- of spiral-riveted dredge pipe.®® The outlet pii>e at Miami®*^ 
had several Y outlets, (known as window pipe”)) through which the finer 
material dropped. Canvas pipe was used on outlet at Taylorsville, to allow 
shifting quickly. Studies of friction heads at Miami indicated 40 ft. per 1000 
as fair allowance for 12 cfs. in 15-in. pipe. Excess clay reduces friction. At 
Calaveras, 1 one pit of half the clay content of another required use of booster 
pump, rough tests on 14-in. pipe, carrying 8 cfs. indicated loss of 70 ft. per 
tliousand, as against 15 ft. with clean water. On Piute dam,®® wooden sluices 
were lined with i in. hard steel; fastened by special nails with rounded heads. 
Time w^as saved on a western dam by having wooden outlet on inclined skids 
or trestle bents so that outlet could be readily shifted transversely of dam.®i 
At Calaveras,! first discharge was at point farthest from pit. Removal of 
successive lengths changed outlet — generally without interrupting pumping. 

Drainage requirements are receiving increased emphasis. Studies at 
Miami®® indicate tlult drainage of core is due principally to water being forced 
upward by displacement; little escapesf laterally. Water may be drained off 
by standpipes carried up in the dam, a ring a few inches high being added as 
needed, or by troughs or perforated pipes, discharging downstream or into the 
reservoir as may be desired. By maintaining suitable slight grades pond 
water may be drained toward one end of the dam or a central point for removal. 
At Calaveras! during first season, l(5-iu. pipe set into 18-in. pipe for protection, 
led to the culvert. Abandoned after core movements had deflected it and a 
paved channel down slopes was substituted^ 

Drainage of downstream portion is important in this as in other classes of 
earth dams. Unless approximately outer third consists of porous material, 
drains should be provided, extending from toe under dam, but not farther 
than through outer third of base. Such drains should be like filters, grading 
from fine to coarse materials so as to prevent water entering them from 
carrying fine earth out of embankment. Covered collecting well at head of 
each drain can be arranged to force water to rise against a slight head; each 
well should be surrounded with fine gravel and sand. On Paradise dam, 
drainage through slopes was of such proportions as to be alarming to one not 
familiar with the hydraulic method.! Hazen®®*! holds that fines seal the core 
atid retard drainage; Morgan®® cites case in Minnesota where they were not 
a prominent factor. Dillman®®r points out that drainage may be assured by: 
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(1) discard of fines; (2) retarded rate of construction; (3) narrow core; (4) 
insertion of tile drains. He prefers the last. Open joints of the tile pipe in 
Junction dam were kept free of sand by placing marsh hay over them.-*^ 

STATISTICS 

Statistics of successful earth dams in Table 58 were compiled chiefly from 
Justin^s table (T. A, S. C, Vol. 87, 1924, p. 59). The dams arc grouped to 
bring together those having the same slope at top of upstream face. Down- 
stream slopes arc expressed in terms of relation to horizontal : 2i signifies slope 
is 1 on 21. Where two slopes are given, e.g. (Owl Creek, 2 and 5,) the upper 
part of the dam has the first named slope. The upstream slopes in the 
Remarks” column apply below the break, where there is a break in the slope. 

Table 67. Dimensions of a Number of Earth Dams That Have Stood 


Successfully. Hazcn®®^ 


Dam 

Height 
to flow 
line, H 

Area of 
section, 
in sijuare 
feel, A 

Ratio, 

.4 

Fr<‘e> 

board 

Width, in feet 

Rot- 

tom, 

W 

Ratio, 

W 

11 

Top 

At 

flow 

lino 

50 ft., 
below 
flow 
line 

100 ft. 
below 
flow 
lino , 

* Gatun 

78 

90,200 

16.30 

30 

100 

397 

1,469 


1,990 

25.5 

* Big Meadows. . . . 

64 

24, 3(H) 

5.93 

20 

30 

160 

460 


548 

8 . 56 

* Co(|Uitlam 


38,700 


15 

40 

145 

521 


702 

8.48 


82 

31, '200 

4 . 65 

13 

20 

98 

429 



8.34 


90 

35:400 

4.37 

20 

34 

112 

400 


650 

7.23 


82 

KKin 

4 . 1.5 

5 

60 

00 

390 


582 

7.10 


80 

26’200 


5 

30 

58 

387 


006 

7 . 58 

* Paddy Creek 

120 

58;200 

4.05 

25 

23 

161 

414 

664 

757 

6.30 

♦ Somerset 

92 

33.200 

3.94 

13 

25 

78 

375 


616 

6 . 67 

San Leandro 

()"> 

16,350 

3.88 

5 

30 


335 


457 

7.04 

* Haiwee 

7 5 

21,600 

3 . 85 

14 

20 

90 

IMI 


465 

6.20 

Croton 

90 

33 , '4 00 

3 . 62 

• 24 

30 

12(> 

336 


528 

5 . 50 

Tabeaud 

86 

26, '4 00 

3 57 

‘ 8 

20 

54 

60 

345 


553 

6 44 

♦ Neeaxa 

164 

ooIhoo 

3.36 

16 

136 

386 

636 

954 

5.81 

Cold Spring 

88.5 

26,200 

3 . 34 

10 

20 

70 

320 


512 

5.79 

Belle Fourchc. . . 

100 

33,100 

3.31 

15 

20 

65 

284 

656 

656 

6.56 

Lahontan 

112 

40,900 

3.25 

12 

20 

80 

330 

580 

640 

5.72 

Santa Maria 

85 

23,500 

3 . 25 

8 

20 

(>0 

310 




Pilarcitos .’ 

74 

17i600 

3.22 

.5 

30 

.5(> 

288 


415 


•Morris 

I 90 

25^7 00 

3.18 

9 

20 

00 

309 


502 


Borden Brook . . . 

'64 

12,700 

3.10 

7 

24 

49 

280 


337 


Honey Lake 


25, ()()() 

3 . 08 

() 

20 

50 

300 


500 

5 . 56 

Goose Creek. . . . 

107.5 

54,900 

2. ‘90 

7 

16 

54 

304 

554 

741 

5.39 


♦ Hydraulic fill, wholly or in large part. 
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Table 68. Statistics of Successful £aitb Dams 




feet 


§fl 

.s 




B a 





Name of dam 

Location 

ss 

•p bb 

ll 

U 


Hem arks 



M 0) 

Sn 

fo" 


§•8 

h'“ 


(Principal upstream slope, 1 on 2) 

Englewood*® 

Ohio 

124 

1 16.. 5 

2 to 4 

25 

Hydraulic fill. Up. slope, 1 on 

Owl Creek'® 





2 to 4. 

S. Dak. 

122 

15 

2 & 5 

19 

6-in. layers, rolled. 

Apishapa 

CJolo. 

120 

7.8 

2 & 3 

19 

12-in. layers, rolled. Failed, 
see E. N. II , Sept. 13, 1924, 







1 p. 418. 

Timber core, 0-in. layers; up. 
slope, 1 on 2 <& 3. 


S. Dak. 

11.5 

15 

1.75 & 2 

20 







Standley Lake* 

Cal. 

113 

5 

2 

20 

Puddled core, no rolling. Up 






slopt; 1 on 2 & 3. 

Ashokun Dikes 

N. Y. 

110 

20 

2 & 2.75 

34 

Concrete core; rolled layers, 

4 and 6-in. Up. slope, 1 on 2 













& 2.5. 


Colo. 

108 


1.5 

10 

Ueinforced concrete paving. 

Germantown 

( )hio 

107 

15 

2 to 4 

25 

Ilyflraiilic fill. Up. slope, 1 on i 
2 to 4. ’ 

Hytlraulic sluicing. 

Puddled core. Rolled layers. 


Cal. 

100 



20 

Pihireitos 

('al 

Of) 

5 

2 

24 

North Dike, Waehu- 

Ma.sa. 

82 

15 

33 3 

1S9 

Timber core. Rolled layers. 

sett 

( )hio 



10 4 



Taylorsville . . . . 

78 

19 

2 4& 3 

25 

Hydraulic fill. Up slope, 1 on 
2 & 3. 

Hydraulic fill. Up. slope, 1 on 

Lockington ... . 

( )liio 

78 

10 

2 to 3 

25 

(^il. 





2 to 3 

Upper C r s t u 1 

75 


2 


Puddled core. Rolled lay- 

Springs. 

Wissota 

Wis. 

76 

10 

2 

20 

ers 

Reinforced concrete core. Up. 


Ohio 





slope, 1 on 2 & 3.5. 

HufTman 

73 

15 

2 to 3 

25 

Hydraulic fill. l^p. slope, 1 on 


Pa. 





2 to 3. 

TTnrlf 

72 


1.5 

20 


Dixville . . 

N. H. 

70 

5 

1.5 

25 

Reinforced concrete core. 

Phelps Jlrook 

Conn. 

08 

12 

2.5 

lOj 

Concrete core. Up. slope, 1 on 

N. y. 

65 

i 

« i 

2.5 

25 

2 & 3. 

Masonry core. 

Hog Hrook 

Piedmont 

Sudbury 

Cal, 

05 


2 


Mass. 

64 


2 & 2.5 

”i4 

Concrete core. 


Cal. 

04 


1.5 

12 


•••• 

Glenwild 

N* Y. 

04 


2.6 

13 

Ala.sonry core. 

Cuyamaca 

Cal. 

40 

6.5 

2.5 

1.) 

Puddled core. 

Milttm 

( )hio 

40 

9.5 

‘ 2 1 

20 

Rolled layers. 

Hog Hrook . , . 

N. Y. 

2.51 


2 1 

12 

Ma.s(>nry core. 


(Principal upstream slope 1 on 3) 



Cal. 

240 

10 

2^ 

25 

Sen)ihvdraulic fill. 

Davis Bridge 

Vt. 

204 


2M,3.3>2 

25 

Hydraulic settlement from side 






slope. Up. slope, 1 on 3, 3.5, 

Neeaxa, No. 2* 

Mexico 

190 

16 

2 

54 

Puddle core, hydraulic fill. 

Terrace 

Colo. 

180 

15 

2 

25 

C oncrete core and puddled core. 






Hydraulic fill. 

Linville* 

N. C. 

160 

24 

2.5 

20 

Semihydraulic-fill. E. N. R., 






Aug. 12, 1920. 

Goose Creek 


145 

7.5 

2 • 

10 

Reinforced concrete ftore. 


Idaho 

P. R. 

135 


2.5 

40 


135 


2 

20 

Hemihydraulic fill. Up. slope, i 
on 3 & 2. 




San Leandro 

Cal. 

125 

5 

2.5 

28 

Puddled hydraulic sluicing. 
Semihydraulic fill, E.N.R., Aug. 
12, 1920. 

Catawba 

N. C. 

120 

24 

2.5 

20 




La^ontan 

Nev. 

120 

12 

2 

20 

Thin layers, rolled. 

Doflder 

Ireland 

115 


3 

22 

Puddled core. 

TeF»i*^se,Hl 

Cal. 

115 

'h' 

5 

IS 

Mudduk 

India 

108 


2.5 


Quemahoning®®^ 

Pa. 

100 

13 

3 «fe4 

20 

Hydraulic sluicing. Up slope, 1 






on 3 & 4. 

Somerset 

Vt. 

105 

10 

2.5 


Sene hydraulic fill. 

Cummum . . , * . . 

India 

102 

12 

I 


Gold Spring 

Ore, 

98 

10 

2 

’’26 

Rolled layers. 

Puddled core. 

Honey Tjake 

Cal. 

90 

6 

2 

20 

Waghad 

India 

95 

14 

2 

6 

Edgelaw j 

Scotland 

93 


2.5 




* Slides during construction. See E. N. R., May 31, 1917, p. 440. 
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Table 58. 'Statistics of Successful Karth Dams. — {Continued) 


Name of dam 

Location 

Maximum 
height in feet 

Freeboard, 
in feet 

Dow'nstream 
slope, 1 on 

Top width, in 
feet 

Remarks 

I (Principal upstream slope, 1 on 3). — {Continued) j 

Sevier Bridge 

Lewiston-Sweet water 

Yarrow 

Forrest Park 

Turd off 

Utah 

Idaho 

E Inland 

Scotland 

India 

Mont. 

Ore. 

England 

England 

England 

England 

Cal. 

Scotland 

England 

India 

N. M. 

Spain 

Ireland 

Colo. 

N. M. 

U. S. 

Ireland 

India 

Ireland 

Hong Kong 

Scotland 

Idaho 

India 

Cal. 

N. J. 

Cal. 

England 

England 

Wyo. 

92 

85 

87 

87 

85 

84 

83 

82 

80 

79 

78 

78 

77 

77 

70 

75 

75 

75 

to 

30 

73 

70 

70 

68 

6C 

65 

63 

60 

59 

59 

58 

56 

55 

50 

50 

47 

45 

43 

42 

40 

40 

40 

38 

38 

37 

35 

13 

() 

5 

4 

2 

2 

2.5 

2.5 

2.5 

2 

2 

2.5 

2.5 

2 

2 

2 

32 

16 

30 

15 
10 
24 
22 
20 

16 
12 

Core-wall, steel and concrele. 
Semi hydraulic fill. 

Puddled conr. 

Puddled core. 

Vehar 

Sherburne Lake 

Cold Spring 

Roddies worth 

6 

10 

7 

12 

10.5 

Rock fill. 

6-in. layers, rolled. 

Hydraulic sluicing. 

Gladhouse 


Rake 






Dobbins Creek 

Glencourse 

6 

6 

Hydraulic fill. 

W ayoh 


2.5 

2 

2 

2 

2 

‘> 

E25 

2 

2.5 

2 

2 

2 

2.5 

2 

2 

2 

2 

2 

2 

3 

1.87 

2 

2 

2 

2 

1 . 5 

2 

22 

20 

20 

10 

20 

20 

20 

28 

10 

12 

30 

10 

20 

6 

IS 

18 

20 

20 

18 

20 

20 

25 

12 

20 

20 

25 


Ekruk 



Bangui juella 


Semihydraulic fill. 

Rolled layers. 




Hydraulic sluicing. 

Hydraulic sluicing. 

Thin layers, rolled. 

Zuni 

Upper Deer Flat 

10 

7 






Puddled core. 

Masonry core. 

Tytani Bay. 






Hydraulic fill. 



Chollas Heights 

Cedar Grove 

5 

6 

Steel core. Rolled layers. 
Concrete core. Rolled layers. 
Thin layers. 

Puddlea core. 

Puddled core. 

Hydraulic fill. 

Rolled layers. 

Puddled core. 

Puddled core. 

Concrete cut-off. Rock fill 
against earth. 

Rolled layers. 





Jackson Lake 

8 

7.5 


England 

Ireland 

Colo. 

Mont. 

Colo. 

Colo. 

Cal. 

S. C. 

Wales 

N. Y. 



Monument Creek. . . . 
Swift 

. . . . 9 

Sugar Loaf 

Cache le Poddre 

8 

South Dike of Sweet- 
water. 

lattle Horse Creek. . . 
Llanefydd 


2 

1.5 

2 

2 

’ io 
10 

Roiled layt^rs. Up. slope 1 
on 3 to 1.5. 

Masonry core. 

I’uddle trench, 154 ft. deep. 
Concrete core. 

32 

32 


Leroy i 

5 

1 (Principal up.streain .slope 1 on 212) j 

Little Bear Valley.. . . 

Cal. 

200 

15 

2 

20 

Concrete core. 

Oohaco. 

On*. 

126 

15 

2 

18 

Hydraulic sluicing. 


("al. 

123 

8 

2 5 

20 







Up slope, 1 on 2 & 3. 

Henshaw^ ^ 

Cal. 

117 

10 

2.5 

20 

E. N. R., Aug. 30, 1923. 


England 

102 


2 5 

12 


Morris 

Conn. 

100 

8.75 

2 

20 

Concrete core. 6-in. la.vers. 







Up. slope, 1 on 2.5 and 3. 


England 

95 


2 5 

12 



Cal. 

91 

10 

2.5 

20 


' Throttle 

N. M. 

77 

8 

1.5 

25 

Steel core. 

Hinckley 

N. Y. 

50 

8 

2 

20 

Concrete core. Rolled layers. 







Up. slope, 1 on 2.5 & 3.6. 

1 (Principal upstream slope 1 on 4) | 

Terrace 

Colo, 

157 

5 

2 

20 

E. N. R., Apr. 7,4921. 

Druid Lake 

Md. 

119 

5 

2 

00 

Puddled core. 

Gatun 

Panama 

115 

30 

4, 8, 16 


Semihydraulio fill. Up. slope. 







1 on 4 & 7.67. 

Waialua 

Hawaii 

98 

10 

1.5 


Timber core. Downstream 







part, rock fill. 

Main Channel, Snake 







River 

Idaho 

86 


1.6 

20 

Rock fill. 
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Table 68. Statistics of Successful Earth Dams. — XConelud^ 


Name of dam 


Maximum 
height in feet 

Freeboard, 
in feet 

S d 

ti 

0" 

d 

JS 

0, a; 

O 

Remarks 

j (Principal upstream slope, 1 on 4). — (Continued) | 

Middle Dam, Snake 
River. 

Talla. : 

South Dam, Snake 
River. 

Junction 

Idaho 

Scotland 

Idaho 

Mich. 

India 

81 

78 

66 

61 

61 

12 

15 

1.5 

3 

1.5 

3 

2 

20 

20 

20 

12 

30 

Timber core. Downstream 
part, rock fill. 

Puddled core. 

Timber core. Downstream 
part, rock fill. 

Hydraulic fill concrete core. 
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CHAPTER 10 


WELLS* 

KINDS AND COMPARISONS 

Shallow vs. Deep Wells, t Wells receiving supply from deposits within 
100 ft. of surface are termed shallow wells; others are term(»d deep wells. 
Shallow wells should be located in bottom lands not far from streams, may be 
of much larger diam. than deep wells (for advantages see next paragraph), 
may be dug if less than 50 ft. deep, or may be driven (see p. 232). They arc 
obviously adapted to valleys where water plane is shallow. Deep wells 
must bo drilled or bored as described on pp. 223 to 231. The popular notion 
that the water in deep wells is far below the surface is not necessarily so; a 
stratum at great depth may be tapped, and artesian head cause water to rise 
nearly to surface. Deep wells tap water-bearing strata at depths where the 
water is generally free from organic pollution; j)olIution of rock strata through 
fissures has been occasionally reported; the casing excludes pollution from upixjr 
strata. Water is generally hard due to dissolved gases and minerals.' Reces- 
sion of water table will reejuire deepening of shallow wells. Deep wells tend to 
depletion more quickly under pumping, due to limited intake area, the outcrop 
of the water-bearing stratum. Deep w(*lls in San Luis ^"alley, Cal., failed due to 
algae growths in pipe, clogging of strata, draft beyond (‘apacity of aquifer .2 
Iowa experience is: The deep well is costly to install, to operate, and in water 
treatment. Many deep wells there have been abandoned because of high min- 
eral contentj — exceeding 1100 p.p.m.? Drilled wells cost less per unit of yield 
than dug wells, but are more costly to operate.^ Unless there is some local 
factor against it, a shallow well usually is the best investment and the best 
water producer .5 

Large vs. Small Wells. Storage space and an ample suction space are pro- 
vided, and pumps can be handled more easily in a largo well. Large wells 
involve a steeper slope on the cone of depression of the water-table and, there- 
fore, cause more disturbance than several small wells. Large wells may be 
sunk with cheaper equipment than drilled wells. Caissons are often used 
(see p. 233). The yield of a well 10 ft. in diam. is but 125 per cent, 
more than a 6-in. well .4 Velocity of inflow into a driven well (rarely larger 
than 12 in. diam.) is greater than into a large well, producing tendency to clog.4 

Conditions for Su€cess.§ If porous medium is homogeneous, wells need 
extend but few feet below water-table. Often fine sand is mixed with gravel, 
which soon clogs strainers. For permanent supply it is necessary to penetrate 
bed of coarse gravel, from which water will be freely given. In the Duryea 

* Sec ateo “Construction of Wells and Bore-holes/* by Dumbleton (Crosby, Lockwood, 1925). 

t McGee^* estimates from data for 7600 wells m North Central States, that average depth to 
water table is 17 9 ft. in Indiana, and 22 6 ft in Wisconsin. 

t Phoenix, Ariz superseded a well i^pply (analyzing 1443 p.p.m. total mineral) with a iurfaoa 
water supply (300 ppm. total mineral). 

$ See also p. 75 and p. 250. 
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well, Long Island, with main water-table at elevation -H86*, it was nedeSsary 
to penetrate to elevation —145 to get coarse medium in which to stop well* 
Extensive drafts of water will cause a decrease in the flow of adjacent springs/ 
and will lower the water in ponds and wells; the use of water should, therefore, 
be limited to an equitable quantity. System of underground supply will result 
in reclamation of swampy lands along brooks.® Never locate a well on a ridge. 
A hillside site is best; a well in a depression is more likely to collect drainage. 

PRINCIPAL METHODS* AND TOOLS FOR SINKINGf 

Outline of Methods, t Deep wells are sunk by several methods, of which 
the following are the more important: (a) The Standard or Oil-well method 
is used for wells 4 in. to 12 in. diam., through both earth and rock, to depths of 
about 5000 ft. Steel pipe casing is driven down to solid rock as the hole is 
drilled, drilling being done by a heavy plunger lifted and dropped by machinery 
which breaks the material into small fragments for removal by a sand bucket. 
(6) California or Stovepipe method is used for wells 6 to 30 in. diam. through 
soil. The casing consists of short sheet-iron cylinders, forced down by large 
hydraulic jacks and perforated in place by a special tool. Materials within 
the casing are excavated l)y a sand bucket, (c) Rotary method is used for com- 
paratively shallow holes; casing is rotated, and water forced down through it 
escapes up the outside, (d) In the Jetting method tlie casing is sunk by driv- 
ing, while material inside is cut out by a high-pressure water jet tlirough .a 
small pipe, and carried to top of casing by the return water. . (e) In the Core 
Drill method, a steel pipe casing is sunk to rock and then hole is drilled by a 
rotating bit attached to hollow rods. The bit cuts an annular hole, leaving a 
core of rock enclosed in the rod which is broken off and removed at intervals. 
Shallow wells are sunk by open digging (see page 233), or by drilling. 

A process originating in Louisiana in 1890, is the modern hydraulic rotary,^* 
which omits casing and uses heavy drill rods to rotate a fish-tail bit. The 
fluid employed is clay mlid, which seals and keei)s intact the walls of the hole. 
Even coarse running gravel can be held by heavy mud, the consistence of 
which is controllable. This mud is forced by a slush pump through the rods 
to the drill. On returning upwards outside the rods, it brings the drillings 
with it. Since 1910, this method has been extensively used in water wells, and 
it is claimed to procure larger yields than other processes. Use of a rotary 
rock-drill bit adds to economy of the process^ 

Standard Method. For very deep wells a heavy Standard outfit is com- 
monly used, which may be purchased of manufacturers who make a specialty of 
well supplies. Principal parts are a derrick tower, engine and boiler, pitman 
and walking beam, drilling rope of hemp or steel, bull-wheels and wheels for 
cable and actuating ropes, temper screw and tools. Figure 86 shows many 
of the tools. String of tools in deep drilling comprises rope socket, sinker bar, 

* Well drilling firms include: Whitney Well Co., Chicago, 111.; Ridpath & Potter, Philadeli^iftj 
Pa; Layne & Bowler, Memphis, Tenn. ; Phillips & Worthington, N. Y. C. ; Virginia Machinery &WeU 
Co., Richmond, Ohio Drilling Co., Massillon, O.; American Well Works. 

t Largely; an abstract of U. S. Geological Survey, Water Supply Paper 265, 1910, by M. L. 
Fuller and 257, by Isaiah Bowman, 1911. See particularly 120-page article by Sands in **Handbobk 
of the Petroleum Industry” (Wiley, 1922), p. 200. 

t of British Mediterranean Expeditionary Forces is given in ” Emergency Water 

Buppliest” by A. Beeby Thompson (London, Crosby, Lockwood & Son, 1924). 
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jars, auger stem, and bit. Whether or not the complete string is used depends 
on conditions. 

Spudding is drilling without the walking beam, a method nearly always used 
in sinking first 75 or 100 ft. as the string of tools is too long to be operated from 
the walking beam in beginning work. Owing to short length of cable between 
tools and walking beam there is little “spring^' in the rope, and hole must be 
spudded to a sufficient depth to allow a considerable length of cable to come 
between; otherwise the blow of the drill will be dead, and rope likely to 
break. 



A 

Fig. 86. — Drilling tools used with standard drilling outfit. 

A. String of tools. B. Temper screw, 1-5. Bits. Ga, 05. Reamers. 7. Rope clamp. S, 9. 

Sand Jailers. 10. Sand pump. 

Casing and Drive Pipe, In deep drilling, where caving material 
may be encountered, it is customary to sink casing, or drive pipe, as fast as 
drilling proceeds.* On bottom of lower joint there is screwed or shrunk a 
shoe of tempered steel, which will stand heavy driving without injury, and 
which gives clearance for pipe and couplings. t To prevent top of pipe* from 
being battered, a drive head is placed on it. In some places material is so loose 
that the tubing will follow the drill for some distance without being driven; 
when driving becomes necessary, drive clamps are bolted to the pin square of 

* See p. 246. 

t Large casings — over 18 in. — are sometimes welded; this may prove a drawback when casing ' 
must be withdrawn from an abandoned hole. 
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upper end of auger stem. Several machines for pulling casing are on the 
market. 

Portable Drilling Rig. Several modified forms of the standard outfit, 
called portable rigs, are mounted on wheels. Horses and gas engines are 
commonly employed, but in some localities a traction engine supplies power 
for operation and hauls it when moved. Total weight of a portable rig is 
about 15,000 lb.; lighter outfits may weigh only 5000 lb., and heavier, 20,000 
or more. Beyond 1500 ft., the stroke of most portable engines becomes so 
short as to make them less efficient than 
standard outfit. 

The pole-tool or wedge-rod method of 
drilling differs from the standard chiefly 
in using wooden rods instead of cable. 

It is still used in the area between Illinois 
and Montana and north of Kansas and 
Colorado,* where great depth of wells 
and the large amount of water encount- 
ered make wood rods advantageous. In 
quicksand, pole-tool is almost worthless 
because of great time in witlidrawing 
tools and rapid inflow of sand; it must 
l)e supplemented by rotary ap]fliances. 

The self-cleaning or hollow-rod method 
includes the essential features of the 
percussion methods, but differs in com- 
bining in one operation the breaking up 
and reihoval of material . The self-clean- 
ing outfit is admirably adapted to sinking 
wells of small diam. in sand, clay, shale,i 
soft limestone and other easily pene- 
trated materials. The ^‘Ohio” machine 
is a self-cleaning outfit fitted with a 
special operating device ; rods are gripped 
by jaws and lifted by power transmitted 
through a crank and pitman. At upper 
end of stroke, levers attached to the 
jaws are tripped, the tools are released 
and fall freely, and are caught up again 
by the jaws on the rebound. 

California or Stovepipe Method, t For unconsolidated alluvial deposits a 
method is used which, on account of its origin, is called California; or is called 
stovepipe, from nature of its casing; also, mud-scow method, because of the 
instrument used for drilling and bailing. The sand bucket J has a flap valve 
and is connected to the tools by .a knuckle joint that permits easy dumpings 
and carries a cutting shoe similar to that on bottom of a string of casing. 
For clay, this shoe may have a straight chisel-like bit extending as a diameter 
across it. v 



11 10 13 

Fkj. 87. — Couplings and casing 
attachments. 

1. Sleeve coupling. 2. Tapered sleeve 
coupling. 3, 4. Sleeve and inserted joint 
couplings. 5. Shoe. 0, 7, 8. Drive heads. 
9. Dr+ve clamps. 10. Pipe ring. 11. Hy- 
draulic jack. 12. Elevator. 13. Gas packer 
(used in gas wells to isolate productive 
layers). 


♦ Probably cable outfits pn 
> Bulletin 


t See also 60-] 
i Same as 


iredominate. 1926. (T.. D, Conkling.) _ , , , __ 

112, Ariztma Agri, Exper. Sta., by H. C. Schwalen, 19^. 
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Casing is made of lap-riveted or welded cylinders of sheet iron or steel, 
usually No. 10 to 14 gage, 24 in. long and 6 to 16, and sometimes 30 in. in 
diam. Metal may be taken to the field flat and riveted there, but usually the 
riveting is done at shops and ends turned square and true. Two sizes are 
used, one of which just slips within the other, so that the joints of one may be 
adjusted to fall midway between joints of the other. Sections are added one 
at a time as sinking proceeds, each 2-ft. section adding 1 ft.; outer and inner 
sections are united simply by denting with a pick. Casing is watertight, but 
for water wells it is not necessary that it should be. Casing may be started 
from a properly recessed drive shoe, but it is easier to begin a well straight and 
, . keep it plumb by using a starter, 


^ sections of stove- 

Y Square Shank Bolt ^ pipe casiiig, oftcii three thicknesses 

rivcted together, or a section of heavy 
I lap- weld casing. At lower end is an 

“ annular steel drive shoe. Casing is 

~ usually sunk by two or more hy- 

Leva/ draulic jacks buried in the ground. 

' Z Q Jn small shallow wells, casing is 

<PmandTopue ,v:v -- :v' A sometimes for(;ed down by two steel 

Yr Round Bolt ■ •‘•’L Cup Packing, I-beams 01* railroad rails, arranged 

VforKnuckh as powerful levcrs. 

Precautions, Water is necessary 
'O JstovePipe 1 <^^*dling and must be supplied 

<-MadScow. /zN^Aiwn Ijll Until struck. The Sand bucket must 
^ ^/-Sfeel. i not be filled to overflowing, or the 

^ excavated material may spill over 

^ stone ar.d gravel become jam- 

^ J l^owlders are worked to one 

• ^^^-DriveShoe side, or broken by drill substituted 

1 ^ 2 ^ 2 for the sand bucket. In quicksand 

Fig. 88.— Parts of California outfit. caving ground it is necessary to 

'1. String of tools. 2. Ciisiiig and jacks. keep the Water level about the same 
3. Perforator. • • i • x • i i j. 

inside casing as on outside, also to 
keep casing even with, or ahead of, excavation. In very soft ground a hole 
larger than the casing is apt to form, and falling ground from top of such a 
cavity is liable to crush the casing. 

Perforation of Casing, A record of material encountered is kept, and, after 
well has been sunk to required depth a cutting knife is lowered, and vertical 
slits cut in casing at selected water-bearing strata. One perforator is shown; 
another has a revolving cutter that punches five holes at each revolution-of the 
wheel. Vertical slits are of a form and size that do not clog readily. For best 
results in fine material, a natural strainer is formed about casing by removing 
the finest material adjacent to pipe by pumping the well as low as possible fqr 
several days.* Sand bucket gives better knowledge of strata petietrated than 
“wash samples.’^ The yield ranges from 0.05 to 5 mgd. according to condi^ 
tions. Seldom or perhaps never is it necessary to re-perforate a well casing;; 

* See also. p. 23S. i- , - . Z 


<Pinand7onqu« 

^'RoundBolt ■ •* -1 
\ 'for Knuckle “5 


\"MudScow, 
H to 18 ft! 
long. 


fktslnq Yoke 


tfiil Tfjf /imnnd 1 

YHydr Jacks, « 

8 'ins.Biam., jL 

Vv A^Stroke, fj 

Pistons with ' 

• Cup Packing, m 

^ Anchor I 

Timbers J 

• 14-" e 

<StovePipe I T 

Casingi { J 

m.lOSfeetlton J J 

or Steel. 9 1 


Fig. 88. — Parts of California outfit, 
'l. String of tools. 2. Casing and jacks. 

3. Perforator. 



WEM>S 

the yield of an old well may often be increased by using compressed air, or 
heavy pumping, loosening surrounding sand and gravel.* 

Advantages of stovepipe^ casing are: (1) Smoothness offers no resistance to 
the tools inside, and minimum to the material without. (2) If properly made, 
casings are not weak at joint like screw-pipe, but uniformly stropg. (3) 
Great flexibility. (4) The ^lort lengths of casing permit the well to ;be sunk 
by jacks of limited working range. (5) Uniform pipe allows perforations 
at any points that the material indicates. (6) Cheapness. (7) Hydraulic 
efficiency; great numbers of small holes allow for high yield with low velocity 
outside. (8) The absence of perforations in any part when first pUt down 
permits easy use of sand pump, and the i)enetration of quicksand, etc. (9) 
Deep wells with much screen may be drawn upon heavily with little loss of 
head. (10) The perforations are the best possible for the delivery of water 
and avoidance of clogging. (11) The large size of casing permits a well to be 
put down in bowlder wash where a common well could not be driven. (12) 
Uniform pressure by the hydraulic jacks is safe, convenient, and speedy com- 
pared with driving of casing by a weight. (Kl) Good progress is made in 
material that would be considered in many places impossible to drive in by 
other methods. 

Rotary nvethodj has been used many years for sinking shallow wclis in 
fine-textured, unconsolidated materials, but attained prominence in deep- 
well drilling in 1901. A derrick like that of a standard rig is used, but machin- 
ery and tools are unlike those of a percussion outfit. Thin mud or slush plays 
an important part in drilling, and a slush pit, an essential accessory, is usually 
dug near derrick, on same side as the pumps, about 40 ft. long, 15 ft. wide, and 
3 or 4 ft. deep. A ditch where sand may settle out of the rnud is cut from the 
well circuitously to the slush pit, from which hose or pipes lead to the pumps. 
Drilling is accomplish fid by rotating entire string of casing with toothed cutting 
shoe on the lower end. Only one casirl^, that Ixiing revolved, is used, for as 
muddy water escapes upward it puddles the side of the well so that material 
stands alone. If clay is encountered, water used in drilling is kept as clear as 
possible and not drawn from the slush pit, for the clearer the water when 
introduced, the greater its capacity to uphold and move particles of earth, 
and clay is sufficiently compact to make a wall that will not cave. Iii pene- 
trating sand and gravel, clay often has to be added to the slush pit, so as to 
make a thin mud that will plaster up these l^pds and prevent escape of drill 
water. Many clays are so compact and dry as to resist the action of water, 
and if the casing is fed too rapidly a core forms reducing size of opening through 
which the water must pass, and correspondingly increasing the pressure 
exerted by pumps; this may be obviated by fastening across end of shoe a bar 
that will cut the core. Pumps must be kept going constantly, otherwise 
drillings will settle and ^^freeze^^ pipes fast. 

In penetrating firm material, it is sometimes necessary to employ a rotary 
drill bit instjead of shoe; two styles are in general use — diamond-shaped and 
fish-tail. The diamond-shaped is usually first employed, and the &h-t^| 

. * See also p. 230, 

t J’of dtifability, see pjp: 234 and 246. ; 

I See “The Rotary Method of Well Drilling/,’ by A. G. Wolf, Eng, Mining J., 2,. 1019, 

• iVl. ■;■■■■■ 

{ See S, May 13, 1915, p. 923. See also p. 228. 
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afterward, for enlarging. These bits are used on the smaller casing and slip 
down inside the larger casing. In hard rock, chilled shot or other abrasive may 
be used as in the shot method. 

Screening,'*^ Many water wells sunk by the rotary method are difficult 
to screen because of depth at which the operation is conducted and fineness of 
material. One method is to puddle the wall of well at water-bearing layer, 
set the screen, and draw casing to top of screen. By pumping heavily for a 
few hours, puddled sands are partly reopened, but the method has the defect 
of leaving water-bearing layers more or less clogged by fine material. A more 
difficult, but better and more common, way is to sink the screen below the 
casing by forcing a hole down by a jet of water, the wash pipe being run ahead. 
A packer or lead seal is then inserted at the point where top of screen joins 
well casing to prevent materials from rising over top of screen and filling it. 

Jetting Method. In the jetting method, material is both loosened and 
carried to the surface by water under pressure. The i:)rincipal parts of the 
outfit are force pump and water swivel, drill pipe, nozzle or drill bit, casing 
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Ficj. 89. — Jetting outfit. 

1. Paddy (or expansion) drill closed. 2. Drive shoe. 3. Common drill. 4. Paddy drill 

in widest po.sitiori. 

and drive weight. Water is led into the well through a pipe of relatively 
small diam. and forced downward through tlie drill bit against the bottom 
of the hole. The stream loosens material and the finer portion is carried 
upward and out of the hole. The drill pipe is turned slowly to insure a straight 
hole. Casing is usually sunk as fast as drilling proceeds. In softer materials, 
by using a paddy or expansion drill (which opens when it strikes bottom; Fig. 
89, 1 shows closed i)osition, Fig. 89, 4, open), hole may be made somewhat 
larger than the casing, which may be lowered a considerable distance by its own 
weight. Ordinarily, however, a drive weight is necessary to force it down. As 
a rule, one size of casing may be employed for entire depth. It is usually diffi- 
cult to drive a single casing beyond 500 or 600 ft., and if well is much deeper, 
a smaller size must be used. In fine-textured, clayey, or loamy material, hole 
may be jetted down to fuU depth and casing inserted afterward. 

The jetting method is much employed for putting down wells in the Atlan- 
tic Coastal Plain and in some of the valleys of the arid West deeply filled with 
alluvium. In Coachella Valley, southeastern California, the method has 
been successfully used for flowing artesian wells. Wells were usually 4Q0 to 
600 ft. deep, 4 in. in diam.; not uncommonly a well may be sunk, cased, and 
. cleaned in two days. 
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Core drills are little used for sinking wells, though trie5 from time to time ; 
diamond drills have been employed to some extent in South Africa for deep 
water wells. The core drill principle is, however, occasionally employed in 
connection with more common well-drilling outfits. All rotary core drills are 
portable, can be taken apart for transportation on pack animals, and used 
where more cumbersome outfits are debarred. Nearly any power can be 
used — electricity, compressed air, steam, gasoline, horse, or hand. 

Diamond Drilh, Diamonds must be selected with special attention to 
uniformity of size and weight, as irregularity will disturb the balance of 
stones and necessitate frequent resetting. They usually require resetting 



Fkj. 00. — Parts of core-drilling outfit. 

1. Davis ralyx drill rod with roiipliiig uitached. 2a, 
2h. End of drill rod and rod couplinj;. Hit to be set 
with diamonds. 4. 'Pootlu'd cutter bit . Chopping bit. 
6. Safety clamp (prevents loss of drill rods when hoisting 
out). 7. Tootiied collar. S. Coupling recovery tap.s. 


lyw/focf 
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Fig. 91. — Calyx 
coni barrel. 


after 8 to 12 hr. work. The size of diamonds ranges from about 1 to 4 carats, 
according to size of bit. Stones of appro.ximately cubical shape are best, 
as they are stronger and furnish better cutting faces. In starting, the first 
requirement is to get down to rock. If the soil is thin, a pit is dug, drive pipe 
inserted, and tight joint made by chiseling a seat in the rock, driving the 
pipe down, and calking it firmly. If soil is more than 10 or 12 ft., it is cheaper ^ 
to drive the pipe to rock. Where drive pipe cannot be seated with sufficient 
firmness to keep out surface water, a hole is drilled inside with a chopping bit, 
and a string of casing put down to a depth sufficient to exclude water. 

Cal%x Drill *The hoisting and driving machinery of the calyx drill is 
similar to that of the diamond drill, and feed water is supplied through a 
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swivel and hollow (3rill rods. The bit is of hardened tool steel and consists 
of a toothed collar, somewhat like the cutting shoe of the hydraulic rotary 
outfit, but having a longer barrel and teeth, the teeth being so set as to provide 
clearance to the core and to the bit and rods. Above the core barrel a 
cylindrical chaml)er, or calyx, open at the top, encircles the drill rods. In it 
coarser rock fragments torn off by the bit are caught as dropped by the 
upward water ciirrent when its velocity decreases. They are removed when 
,the rods are lioisted, and furnish a second record, in inverted order, of material 
penetrated, of especial value in material too soft to yield a core. 

Chilled Shot Method.* Experiments in drilling by loose abrasives poured 
down the drill hole led to adoption of chilled steel shot, such as is used in 
sawing stone. Other parts of the shot outfit are similar to the diamond 
drill, but cutting is accomplished by revolving an iron or steel tube on the 
shot. • A slot a few inches long and half-inch wide, cut into the lower end of 
the tube or bit, allows shot to reach the cutting surface more readily and be 
more evenly distributed. Distribution is also aided by slightly beveling the 
edges of tube so that shot may get under it. Under weight of the drill rods the 
shot bites into the rock and chips or wears off small pieces, which are brought 
to the surface by the water current. 

Precautions in sinking important wells: (1) A(;curate log should be kept, 
so that depth and character of water-bearing formations may be known. 
(2) Every water-bearing layer should be carefully examined as to thickness 
and quality of water. (3) Head of water of eacli water-bearing layer and its 
relation to other water encountered should be accurately determined, so that, 
if necessary, contamination may be prevented by using ])ackers and separate 
pipes for each water horizon. (4) Casing should be intact when well is com- 
pleted, and should be kept so in order that it may fulfill its duty in shutting 
out undesirable water. Its condition should be determined from time to time 
by suitable experiments. (5) Possiblc/^iTects of defec^ti^^e casing should always 
be considered in interpreting a change in head or quality of water. (0) To 
exclude surface water tie a leather ‘\seed bag’’ filled with flaxseed firmly 
around the pump tubing and let down to proper de])th. In a few hours the 
seeds swell and fill space between tubing and wall of well. 

Increasing Supply. Explosives are used to some extent for increasing 
supply and providing a reservoir;t lAA cpiarts (»f nitroglycerine exploded in 
an 8-in, weU at Kennett Square, Pa., increased t})c yield from 3.3 to over 
24 g.p.m.® If water is drawm from rock. Assuring the rock will increase the 
area from which delivery is made. In a limestone region, where the under- 
ground water, like the surface water, runs in more or loss definite channels, 
instead of percolating slowly as a broad or thick sheet, torpedoing will almost 
surely increase the number of contributory veins. The steam jet is sometimes 
used in unconsolidated deposits. Steam is forced down a small pipe inside 
of a larger one, ^nd coming into contact with water at the bottom turns it 
quickjy into steam, the resulting explosion loosening the material or making 
a pocket about the bottom of the pipe. Where the materials are dense and 

* For details of British practice, see DixoQ, Proc. Inat. of Water Engra.. 1923 (Ahstraoted in 
E. O., February, 1924, p. 347). .. . » 

t See **Shooting Wells to Inerease the Flow, by S. R. Russell, DuPont f«preaeuiatiV6,.JCwit^c* 
County Eng. t PehmaTy, p* 70* ; 
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clayey, action of the jet may considerably increase the influx- of water ; in more 

porous deposits, it has less effect. Deepening a well beyond a certain limit 
will neither increase the supply nor add to the hydraulic head, but it may 
increase the mineral content to the point of abandonment. Back-blowing 
with compressed-air often increases supply. 

MINOR METHODS OF WELL SINKING* 


Introduction. Shallow wells are generally sunk by these methods. Dug 
wells require least ecjuipment but most careful supporting of sides. Dug 


wells seldom exceed 50 ft. in depth. If tightly lined, inflow is limited to the 



bottom. These arc termed ‘‘percolation’’ 
wells in India. 

Boring with Auger. In alluvial and other 
unconsolidated deposits, wells 2 or 3 in. diam. 
arc in some parts of the country bored to 
ground-water level with a hand auger made 
by welding a carj)eiiter’s auger to a rod or 
pipe. Auger works more efficiently if the 
centering point is cut off and lips are shaped 



Fig. 92. 


Fkj. 93. — Tools for auger borings. 


1. Snmll earth auger. 2, r3. Earth 1, 2. Ordinary clay nuRer, (3 to 3(? in. diam.). 3. Special 
auger bits. 4. Drive point aijd screen. auger for penetrating small bowlders or soft rock. 


as in Fig. 92 (3). As the auger is heavy when loaded, a windlass or small ’ 
derrick may be used in lifting. In boring through dry sand or other loose 
deposits a little water should be poured intg the hole to cause the material 
to cling to the auger. Casing is not usually required until the auger reaches 
saturated sands; it may be driven by a wooden maul or ram. • Mud and water- 
saturated sand * may be bailed out with a sand bucket. Hard layers 
may be penetrated by a drill similar to that used with percussion outfits. 
Where the ground holds together well an Arkansas clay auger is employed for 
sinking wells to depth of several hundred feet, especially in lower Mississippi 
Valley. This auger is 15 ft. long, and consists of a cast-steel barrel 4 ft. long, 
which resembles a 3-in. pipe sawed vertically in half. This is fastened by flat 
piece of iron to a second auger barrel, 1| to 2 ft. long; above this is a second 
piece of flat iron, square at the top, and cut with threads for fastening to 
wooden poles. At the bottom of the auger barrel, on the right side, is riveted 

# See second foot-note, p. 223. 
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a steel cutting edge, commonly called the cutting bit, projecting inward 
li in. On opposite side, and slightly above, is the “auger lip,’' which helps to 
hold the dirt in the auger barrel, when the tools are lifted. The auger is 
fastened to a 10-ft. auger pole, and this to the regulation 26-ft. pole. The 
tools are turned with a clamp, and when the bit begins to choke, the tools are 
lifted and dropped by means of a windlass. This operation jumps the dirt in 
the bit, and so frees the lower end; it is termed, “making a slip.” If the 
clay is very dry a little water is added, and with very sticky Cretaceous clay 
this process can be continued until the whole length of the auger is filled. 
This 15 ft. of mud represents about 10 ft. in depth. Usually the auger is filled 
for only about 10 ft., representing 7 ft. depth, before lifting the tools. When 
rock is encountered, a bar drill is used, sometimes attached directly to the 
wooden poles and sometimes to iron poles. When >sandy layers are encoun- 
tered, which will not hold in the auger, a sand pump is used, or enough clay 
is dumped into the hole to make the sand stick togetlier. Where wells of 
larger diam. are desired, the hole is enlarged with a reamer. 

Punching. In a few localities where material is very clayey, wells arc 
sunk by a punch. This method, used in Arkansas ajul Louisiana, employs a 
cylinder of steel or iron 1 to 2 ft. long, split along one side, and slightly spread. 
The lower portion, very slightly expanded, sharj)cned, and tcny)ered into a 
cutting edge, is attached to a rope or wooden poles and lifted and dropiKjd in 
the hole by means of a rope given a few turns around a windlass or drum. 
Material is forced up into the bit, slightly springs it, and so is held. When 
working in very dry claj^', water is sometimes added, 'i'hin sand layers arc 
passed by throwing clay into the well and mixing it witli the sand until the bit 
will take it up.^® 

Driving Pipe. Where the water level is within the suction limit of about 25 
ft. below the surface, and water-bearing beds are unconsokdated, small supplies 
may be cheaply obtained by driving ^ strainer and drive point fastened to a 
piece of pipe. When desirable water is readied, the weli is pumped rapidly to 
free the strainer from particles of sand and clay. The coarser material adja- 
cent to the strainer is thus w^ashed free and forms a natural filter. British 
Army officers call it the Abyssinian well, as it was first used extensively during 
the Abyssinian campaign of 1895. Clay and sand often cling to the screen and 
render it w^orthless. To obviate this, pipe may bo driven to the required 
depth with only a drive point and then pulled up a distamui c(iual to length of 
screen. The drive point, which fits loosely on the pi]>e, remains behind, and 
the screen is lowered upon it.* This style of screen can be removed and cleaned 
if it becomes clogged, but can be successfully used only when depth to water- 
bearing layer is known, since a test for water cannot be made until the pipe is 
raised. A modification consists of a screen attached to a drive point and so 
arranged that the drive pipe slips down over the screen and rests on the point 
while being driven. In testing for water, the pipe is withdrawn a foot or two, 
and a pitcher pump is screwed to its upper end. If water is not procured, the 
pipe is driven again. The only drawback to this is that pebbles may lodge 
against the screen when the pipe is withdrawn, and when it is driven down 
again, may tear the screen. If the, water contains much iron, a thick crust 
may form on the pipe and screen and reduce the inflow of water or even shut it 

♦See Pig. 92. p. 231. • 
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off entirely. Incrustations may be loosened and broken up into fine particles 
that may be pumped out by pulling the pipe a few inches, by driving it down 
a short distance, or even by rapping the pipe sharply. While cleaning a new 
well, pumps should not be stopped until sand is no longer discharged, otherwise 
sand will settle about the valves of the pump and make it impossible to start 
again without drawing the pump rods and valves, cleaning them and resetting. 
If the well is sunk into unconsolidated materials, a screen* must be used which 
will permit water, but not sand in serious quantities, to enter. * 

Objections to Driven Wells, Driven wells, as a continuous source of sup- 
ply, are open to the following objections: (1) The extreme difficulty of deter- 
mining the tributary area prevents a satisfactory estimate of yield and for the 
same reason it is difficult to remedy pollution, or trace its sources. (2) Doubt 
as to the permanency of the supply; and possible deterioration. (3) Legal 
complications arising from the effect on adjacent catchment areas. (Munici- 
palities are liable for damages where the water-table has been lowered by 
diverting water for public use.) (4) Infiltration of sea water, unless the wells 
are most carefully managed, is imminent near the ocean. 

Large Dug Wells. A well at Greenfield, Mass.,^^ is more or less typical. 
This well is 40 ft. diam., 30 ft. deep, 25 ft. of which is below ground-water level. 
Excavation y^as made to water level, then forms were built and a reinforced 
concrete wall, 24 in. thick at top and 30 in. at bottom (battered), placed to 
height of 10 ft., 5 ft. projecting above ground. Wall was sunk by digging 
beneath it. As the wall settled, concrete was added to its top. The bottom 
of the Wall was beveled inside to serve as a cutting edge. As the concrete was 
placed, many 2 1 -in. tile pipes were placed in it to permit free passage of water 
through the wall. A G-in, centrifugal pump, belt-connected to an electric 
motor, was mounted on brackets bolted to the inside of the wall, during con- 
struction. Since the^pump sank with the wall, it was not necessary to lower 
the suction pipe. The discharge pipe wfis so constructed that it would turn on 
an elbow outside the wall as the well sank, without straining the connections. 
There is a reinfor(;ed concrete dome over the well, with a manhole over the 
suction pipe. The dome is covered with 2 ft. of earth. The well is situated 
in a bed of coarse sand and gravel close to the Green River, and was pumped 
during 1914 at rates of 1.2 to 2 mgd. It is used only in emergency, as an 
auxiliary supply (1925). 

A well near Banning, Cal., was sunk 100 fL below water-table by means of 
a shield, similar to river-tunneling type.^b Cost data on sinking a caisson, 
25 ft. in. diam., 45 ft. deep, at Chillicothe, Ohio, are given in E, N, R.y Sept. 6, 
1917, p. 460. At Wampaca, Wis., the caisson was 30 ft. inside diam., and 37.5. 

ft. long.®2 

WELL CURBS, CASINGS, AND COVERS f 

Dry rubble curb and casing^ utilizes all seeps. The material costs little; 
little money outlay for labor. The well is never safe near sources of contami- 
nation. Affords no filtration and allows dirt and soil to enter. Permits 
entrance of mice and other small animals at the top. Do not use stones par* 

♦Seep. 237. 

t See also p. 630. 

t Butsh linings have been made tight by applying gunite; see E. ( 7 ., Oct. 10, 1917, p. 291. 



234 


WATERWORKS HANDBOOK 


tially or wholly covered with moss or lichen; persistent impairment of the 
quality of the water lias resulted from such use. 

Dry brick curb and casing utilizes all seeps. Filters out most sediment. 
Does not allow small animals to enter. Involves little money outlay for labor. 
Polluting matter enters readily, and the well is never safe near sources of 
contamination. 

Curb and Casing of Masonry in Cement. Water from bottom only is 
utilized. Entrance of sediment and animals is prevented. Wall does not 
impart taste to the water. The well is safe from pollution (except that enter- 
ing at bottom), as long as walls are not cracked. Well is unsafe if so shallow 
that polluting matter can roach its bottom. Costs more than uncemented 
wells ; may require skilled labor. A common practice is to use cement in upper 
part but not in lower, where water of satisfactory quality is admitted. 

Wooden curb and casing is cheap in many localities. Can be used in 
wells of small diameter. It imparts, when sound, no taste to the water. It 
swells tight in wet ground, water either entering at bottom, or (after sudden 
rises), through shrunken portion at the top. Pollution enters readily, and 
animals gnaw through. The wood rots, giving taste to water and favoring 
development of bacteria. 

Glazed and Cement Tiles. (1) With uncemented joints, utilizes all 
seeps; imparts no taste to water; requires no skilled labor; polluting matter 
enters readily and well is never safe if near source of contamination; soil may 
wash in through joints. (2) With cemented joints, well is safe from pollution 
(except that entering at bottom) as long as joints arc tight; does not require 
expensive labor; can be used only in soft materials containing considerable 
water. Used on 24-in. wtII at Medway, Mass.39 

Metal casings are adapted both to rock and to unconsolidated materials. 
Safe from pollution except that entering at bottom. IVie cost in large, deep 
wells is considerable. Use is practicably limited to wells under 14 in. diam. 
Casings have been subject to deterioration by corrosion and incrustation; 
this led to use of ingot iron and cast iron. At Tunbridge Wells, England, 
ca.st-iron pipe was substituted for steel; diam., 32i in., thickness, IJ in.; 
length 12 ft. Slotted cast-iron tubes w(»re used for strainer. Tubes were 
coated by Angus Smith process.^® A disadvantage is the greater weight to 
handle; a Chicago firm facilitates lowering the casing by refilling the drilled 
hole with sand on which the casing is erected. As the sand is pumped out 
the casing gradually settles.® ^he diameter of the finished well should be 
specified, so that the driller may choo.se his starting diam., to allow for reduc- 
ing size of casing as conditions require.* 

Concrete Wells, Holland, Mich.^® Well, depth 72 ft., of concrete pipef 
from surface to bottom; inner diam. 25 in., outer 32 in.; bottom part of strainer 
sections about 12| in. long with vertical keystone-shaped grooves cast in 
outer surface. Water flows into grooves, down to bottom of section, and into 
well. Sections are held apart approximately in. by bosses cast on their ends. 
Temporary steel casing was first driven entire depth and material removed by 
an orange-peel bucket. A concrete plug was then lowered to the bottom by 
four steel cables. Strainer sections were then lowered, threaded over the steel 

* See p 224. 

t Patented by Kelly Well Co.* Grand Island, Neb.'‘<> 
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cables, which passed through vertical holes cast at the quarter points of each 
section. Plain pipe sections folio wed'similarly. Space of about 5 in. between 
concrete and steel casings was filled with gravel to top of strainer sections and 
.with clay for remainder. Steel casing was withdrawn during filling. A 24- 
hr, test was made at continuous rate of 2000 g.p.m., maximum capacity of 
pumps available; during first 8 hr., water lowered continuously but remained 
constant thereafter, 32 ft. below original level. Cost, including test, but 
excluding pumping equipment, was S4728. 

Combination dug and drilled well is particularly dangerous, because of 
the fancied security. A drilled well is sunk in an old, dug well, the casing 
commonly beginning at the bottom of the old well. The casing should be 
carried to surface of the outside ground, or at least above highest water level, 
or the dug well should be converted into a watertight cistern. 

Covers. Open wells should be protected by a watertight iron or cement 
cover standing somewhat above the surrounding ground, and tightly joined 
to the curb ; sloping the earth away from the well serves to run rain-water or 
pump drippings away, so that little will penetrate, even if the curb becomes 
cracked by frost. Except that it keeps the larger animals out, ordinary 
plank covering affords but little improvement over the open well. Crevices 
almost inva^-iably exist through which small animals find access, and dirt 
washed through the cracks is of the most dangerous kind, of filth from 
domestic fowls, and from the shoes of farm hands (see Fig. 250, p. 630). 

OVERCOMING DIFFICULTIES IN WELL SINKING*t 

Locating Lost Tools. First step is to learn shape of upper end and position 
in well, by lowering over the tool a sheet-iron vessel containing soap or other 
soft material, in which an impression is easily made, or if above water, or in a 
dry hole, by reflecting light into the well from a mirror. A photographic, 
stereoscopic device, invented by Loran,'a Baku engineer, is lowered to a point 
near the lost tool, light being furnished by an electric current carried by wires 
in the camera. Good photographs made in this way are given in A. Beeby 
Thompson’s, “The Oil Fields of Russia,” (Van Nostrand, 1904), showing 
exact shapes and positions of fallen tools. 

Bowlders, if especially hard, may be blown to pieces by dynamite or rock 
powder tamped with a bushel or two of dry sand or clay, so that the casing 
will pass down between the parts; or broken mto pieces so small that they can 
be further reduced by the drill and removed by the bailer. Casing should be 
drawn 3 or 4 ft. above the charge. 

Running Muds and Clays. Mud produced from some shales hardens 
quickly when exposed to air. The hole must be cased and drilling must be 
pushed so rapidly that the mud will not have time to solidify. The drill must 
be freed from this mud and withdrawn by slowly working it up and down so as 
to gain on the upstrokes, and the mud may be removed by small buckets or 
augers. If this method fails, IJ- or 2-in. pipes may be lowered and tbd 
hardened mud and sand flushed out 'by a powerful water jet. 

\ W only a small quantity of water, clay will “crawl” and relieve 
sdl« by squ through very small openings in threads or sheets. 

111., in iff. N., S^t. 2, 1915, p. 450. ' 
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but forcible movement of plastic clay into a drill hole may fill the hole during a 
single night, when drilling is suspended; next morning the drill will strike 
this soft plug and ram it down until compression of the air below prevents its 
further movement. Drill may pound on this cushion for days or weeks with- 
out progress, while clay slowly accumulates in the hole. This difficulty may 
be overcome by casing off the clay before it forms a plug, or by jetting through 
the plug. Plastic clays are encountered in South Dakota and Atlantic Coastal 
Plain, but most glacial clays are so sandy that they yield readily to the drill 
even if the well becomes clogged. 



1 2 3 4 5 6 8 

Fig. 94. — Fishing tools used with standard drilling outfit. 

1. Spudding spear (prods loose a jammed drill rod). 2. Slip sockf't. (Teeth on slip project 
upward to grasp tools.) 3. Horn socket (slit on opposite sides to grasp tools near surface wnon 
jammed over them). 4. Rope spear, (i. Rope knife. 0. Casing cutter. 7. Pipe swedge (straight- 
ens casing). S. Slip socket for inside of pipe. 

Quicksand. In the coastal plain from Cape Cod westward and southward 
along the border of the continent the most serious difficulty is caused by 
quicksand, as a rule interstratified with coarser sand and clay. Quicksand 
comes into the hole and must be bailed out in large quantities before the casing 
can be driven farther and drilling continued. Under ordinary conditions 
quicksand will not yield its contained water, and, therefore, if it has a tend- 
ency to rise in the pipe, the difficulty can seldom be obviated by pumping 
alone. Pockets or lenses of clay or coarse sand in quicksand may cause the 
driller to think he has passed through the quicksand. Coarse sand, such as 
“bar^' sand, will not rise if the velocity of the water through it is less than 
about 2\ ft. per sec. Drive pipe shuts off water and quicksand above a pocket 
of coarse sand or clay, but as soon as the drill penetrates the pocket quicksand 
flows in smd may rise to top of deposit. If the bed is 20 ft. or more thiijfc, the 
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pipe cannot be driven through it on account of the resisfance of the compact 
sand; and if the water in it is under great head, so as to force the sand up to 
or above the point at which the bed was struck, further progress may be 
almost impossible. In some wells, quicksand has risen 100 ft. above the depth 
at which it was struck. If the hole is not kept full of water, pressure exerted 
by quicksand on well casing may be great. Experiments have shown that 
quicksand partially saturated with water exerts a lateral pressure equal to 
half its vertical pressure. Beyond point of saturation pressure is hydrostatic. 
If quicksand is only a few feet thick it may be penetrated by bailing and then 
driving the casing; this pipe is driven as far as possible into the bed without 
bailing, and quicksand may occasionally be passed through at one drive, A 
thin bed of quicksand near the surface may be shut off by sheet piling. Stones, 
clay, and asphalt have been dropped into the hole to restrain quicksand, with 
some success. Some drillers maintain that quicksand can always be pene- 
trated by keeping hole full of water. If working in sand of fine texture, draw 
the drill at night, as otherwise sand may creep up around the drill and ‘‘set'’ 
almost as hard as rock. 

Deflection of Drill-hole. In beginning a well, care must be exercised to 
make the hole plumb; otherwise drilling to depth is difficult, if not inqx)ssible, 
because of friction of the tools caused by increasing deflection. To keep the 
hole straight the driller may lengthen tools to 60 or 80 ft., chiefly by using 
a long auger stem. If the drill hole gets badly deflected, the only pump 
adaptable is the air lift. 


EXCLUDING SAND* 


Screens or strainers are perforated cylinders designed to exclude sand from 
working barrels of deep- well pumps. They (1) prevent cave-ins of the porous 
medium; (2) admit Vater to the well. They may be of metal or concrete.! 
A screen in use in the Mississippi Valley from St. Louis to the Gulf is made by 
wrapping No. 14 wire, 10 to 14 wires to the inch, around perforated wood or 
iron piping ; the closeness of the wrappings depends on fineness of the material 
to be screened out. Wooden piping as a base for a screen is often preferred 
on account of rusting of iron pipe. In some wells these screens are 100 ft. 
long. The weight of the wire screen and the sand pressure against it when set 
prevent the buoyancy of the wood from lifting the pipe. 

Strainers may have either: (1 ) Fine openings to exclude the finest sand; or 
(2) openings somewhat larger than the finer particles in the water-bearing 
material, xand smaller than the coarser. Pumping soon exhausts the finer 
material next to the strainer, and the coarser particles form what is really a 
greatly enlarged strainer outside the metal one. If no coarse particles exist, 
ram some down outside of casing (see p. 238). Such a well cannot clog. Any 
strainer depending on wire gauze or thin, perforated iron to exclude fine sand 
is undesirable, for friction is high in small openings in sand and screen; and 
corrosion will close up the small holes in the metal.^' 

Several patented brass strainers are used. The Laynet strainer differs 


Soe also *‘Lost Supplies, p. 243. 
t Patented by Kelly Well Co., Grand Island, Neb.®® 
Insyne & Bowler Co., Memphis, Tenn. 
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from shop-made on& in the shape of wire. The Cook* well screen consista 
of a single piece of seamless brass tubing, perforated by horizontal slits, in 
different widths for different sizes of material, cut with a beveled edge on the 
inside. The screen may be set in the bottom of the well, the pipe drawn until 
it is almost flush with the top of the screen, and a lead seal inserted at the 
joint, or the screen and pipe may be united by a screw coupling. Telescoping 
strainprs are used when withilrawal of the casing is impracticable. Johnsonf 
well screens are made from brass containing over 70 per cent, copper to increase 
resistance to corrosion. The brass pipe is slotted continuously by a spiral cut, 
and is reinforced by longitudinal rods soldeied on the inside. The makers cite 
tests at the University of Minnesota to show that, size for size, the J ohnson 
well screen has from 30 to CO per cent, greater capacity than any other brass 
screen. 

Packing with Gravel or Coarse Sand. Frequently, where the material is 
very fine, it packs around the well so as to hinder entrance of water. It is 
common practice to drop pebbles into the well, and, with the aid of a drill, force 
them into the surrounding clay, etc , until a pocket is produced through whicli 
water flows freely. In quicksands, the space betw(‘en the outer casing and 
the pump tube and strainer is often filled with coarse sand thiough the lu'avy 
suction induced by pumping. Many mateiials yielding water consist of 
mixtures of sand or gravel and clay. By heavily pumping a new well, it is 
often possible to remove fine clayey material, leaving sand grains and pebbles 
in a pocket about the well. A similar method is employed in certain stiff 
clays in which small open pockets at the bottom of the well are a])parently 
produced by heavy pumping. It is sometimes necessaiy to introduce gravel 
through auxiliary holes drilled near the well and terminating in the top of the 
sand layer. Pumping at an excessive rate removes the sand and allows the 
gravel to settle next to the metal, forming an exterior gr/ivel screen. Gravel 
should be clean and practically round^ varying from \ in. up to 2 in.32 A 
cylindrical shutter screen, rather than a fine-mesh gauze screen, gives better 
results with gravel packing.®^ 

HYDRAULICS AND YIELDS OF WELLS 

Size.'2 Inside diam. of well pipe is determined to smaller degree by 
quantity of water to ])e raised than by consideration that in sandy soil 
velocity at which water enters j^pe must be below a certain value to avoid 
clogging. If H is height of perforated ])ipe in zone of underground water, V 
permissible velocity with which water may enter pipe, D inside diam. of pipe, 
Q DHVir -y- (7p, and D = CpQ -r- //», where Cp is coefficient of permea- 
bility. F is to be determined by pumping experiments; if F = 0.0033 ft. 
per sec. and Cp = 4.0, D — Q 0.00259/f. If /f = 6.5 ft. and Q = 0.014 
cu. ft. per sec., D « 0.83 ft If a suction pipe with external diam. D\ is 
inserted in well, D — 1.2Z>j, and Di = 0.833Z). 

Arrangement and Spacing.* 2 Several wells may be arranged in a straight 
row perpendicular to flow of underground water, on right and left of line of 
most rapid drop of water, wells being so spaced that full utilization of und^ 

♦A D. Cook, Lawronopburgj, Ind. 

t Edward E. Johnson, Inc , St Patti. 



ground stream is assured; or in two or three rows with greater dlitancef 
between wells; or in a circle. 

In a single row the distance between wells equals |D«, where Do is diam. 
of circular area from which water for each well is collected. Length of area 
from which water is collected is, therefore, L = (n — 1) X 0.75Dc + Do/ or 
approximately 0.75Dcn, where n is number of wells in one row. The width of 
this collecting area is De] hence area A = 0.7 5nDe^; for n == 10 and D« *= 
164 ft., A = 202^000 sq. ft. For double-row arrangement (wells staggered) 
distance between wells longitudinally is 1.5Dc, and in cross direction 1.25Do, 
and in this case length of area from which underground water is collected is 
L = 1.5nDc. Width of area is here 2.25Dc, and therefore area of whole 
collecting district is A = S.S75nDe^j and if n = 5 and Do = 164 ft., A = 

454.000 sq. ft., that is, more than twice area with single-row arrangement 
with same number of wells, so tliat capacity of wells is increased. With three- 
row arrangement, distance between wells in longitudinal direction is 2.25De, 
and in cross direction 1 .25Dc, so that length of collecting area is 

L = (2.25/1 + l)Dc 

and width W = (2 X 1.25 + l)f^c; therefore area* 

• A - 3.5(2.25n + l)De2, 

Hence for n = 3 and D, = 104 ft., A = 3.5 (2.25 X 3 + 1) X 26,896 = 

730.000 SCI. ft. 

In a circular arrangement of wells, the length of collecting area perpen- 
dicular to underground stream is same as with row arrangement, namely^ 
0.7 bDcU, where n is number of wells on one side of center line. With respect 
to direction of underground stream such a ring may be considered equivalent 
to two rows, upstream lialf of circle forming one row, downstream the other. 
With respect to these rows wells ar^ arranged at a certain distance apart. 
Collecting area is a ring the mean diam. of which. Dm, is the average diam- 
etral distance between centers of wells, oj^posite each other. Outer diam. 
is Dm + Dc, inner diam. Dm — Dc] hence A — DmDcir. Circular area enclosed 
within this ring is not subject to collecting effect of wells. For Dm + Dc 
0.75Dcn, Dm = 0.75Dc?i — Dc; if n = 10 and Dc = 164 ft.. Dm = 1066 ft. 

It is often poor economy to place wells nearer than 50 ft. apart, and at 
times even 100 ft. may be the suitable distance.^^ This refers to small driven 
wells. 

Table 69. Interference of Wells 

Theoretical Mutual Interference of a Group of 6-in. Wells, with Radius of Circle 
of Influence = 600 ft.. Pumped Down 10 ft. (Slichter) 


Spacing, ft. 

Interference, i)er cent. j 

' Two wells 

Throe wella 

Large number in ro^ 

6 

38 

55 


10 

35 

51 


100 

20 

31 

66 

200 

16 

22 

45 

400 

11 

12 

24 

600 



14 

1000 

6 

8 1 

6 
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Altered X 
Waltr Table^^ 


Domestfc Will Dtptndtnfon 

fvrmerWaterTabk. 

/Pumpstation 

Pond ^ I 


I Sand yor Grov^a! [ 

Fig. 95. — Cone of depression pro- 
duced by a pump station and its effect 
on a near-by pond and well. 


Hydraulic requirements to be satisfied by spacing are: Diameters and 
lengths of strainers must be such that the loss of head due to friction in them 
Rodnyen will be immaterial compared to loss in 

OomstkWfH^ fDomesWcWiiiDiptndenfon , Water-bearing stratum. The wider the 
/Pumpstation Spacing, the greater is the yield to be 

handled, and the greater the loss of head 
io pipe and strainer. Forty-two wells 

^%aiorrabie\ suiik for Memphis Waterworks, 

\ / ten being 6 in. in diam., and others 8 

Depth varied from 260 to 480 ft., 

Fig. 95. — Cone of depression pro- of which 80 to 130 ft. were in water- 
duced by a pump station and its effect 

on a near-by po^d and well. "strata. A /5-ft. spacing was 

found inadequate, and 250-ft. spacing 
was used in later wclls.'s Experience at Savannah teaches that there is less 
interference when wells are on an axis perpendicular to the line of flow, than 
when placed promiscuously .i® 

Yield depends on transmitting capacity of the soil, on extent of supply, on 
size of hole and rate of pumpiiig .20 Boring is usually continued some distance 
below where water is tapped, in order to strengthen the supply, and the pump 
cylinders are placed some distance below the water level to allow for lowering 
by pumping. Yield of large, shallow W'cll may be increased by a system of 
infiltration galleries leading to it.* 

Specific capacity is a numerical expression of the readiness with which a 
well furnishes water to a pump, and depends on the coarseness of the medium 
and the resistance offered by the strainer. The quantity can be computed by 
dividing the yield of the well by the amount that water is lowered in the well. 

MiUer-Browrdie forrnula^ for cone of depression, as adopted by Horton 

/_9on 1.... ZQ + hV'A nn ' 

^~^^2AVAQ 

A -JH-. B - 

^ ~ 12m*' ^ vi^’ 

^ irl /ho — ht\^ 




where t = elapsed time, years, since depletion liegan. 

Q = rate of draft, cu. ft. per yr. 

h = the cone depression ptthe water-table in ft. == nir = average slope 
(m) X radius (r), of cone of influence at end of ‘"t” years. 

I = infiltration depth, in. on surface per j^ear. 

P = available porosity of the medium, in per cent. 
hg = total depth of ground water, ft. 

ht = ^‘trumpet head,’^ or depressed apex of cone, measured below A, in 
ft. This is the only term varying with well diameter. 


TESTING AND DEPTH MEASUREMENTS 

Testing is measuring the rate of flow. It is considered a i)art of the driller^s 
duty, and is so stipulated in well contracts (see p. 232). Wells in operation 
* See aJsQ p. 230. 

t See also N. Werenskiold in R. Aug. 10, 1916, p. 257. 
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are often tested to detect leakage through casings. Piezometers and current 
meters were employed on the artesian wells at Honolulu.24 Usual method of 
testing is by pumping rapidly for several hours, and metering the discharge 
or counting pump strokes. Wells sunk by percussion methods may be tested 
by bailing rapidly. Testing involves a knowledge and interpretation of the 
geologic structure. Sometimes a driller drills a well 400 or 500 ft. deep into 
‘‘dry’^ rock; surface water drains into it, and the “test^' consists in pumping 
accumulated surface water from a deep drill hole. 

Defective Flow.25 Suppose two porous beds, A and B (Fig. 96), separated 
by an impervious layer, are to be tested, and testing of A has been neglected. 

Suppose seed bag or rubber packing placed above the upper one. If both 
bear a water level equally high the test will be fairly made and the result will 
indicate their combined capacity; or, if both heads are at least as high as the 



surface at the well, the test may be accepted. But siij^pose bed A has been cut 
into by erosion or been reached by crevices, or is otherwise defective, While B 
remains intact and bears an elevated fountain head. Under these conditions 
water may flow from B through the bore into A and escape; in this case, result 
may be either simply negative (Fig. 96) or positively false and misleading (Fig. 
97). If lateral leakage through A effectually disposed of flow from B, and there 
was no leakage in the upper portion of the well, water in the test tube would stand 
during the test at essentially the same height as before, and result would be nega- 
tive, merely failing to indicate a possibility that really existed. If there was lateral 
leakage through the upper strata as well as through A, neither alone being quite 
competent to dispose of the flow from B, introduction of the test pipe would cut 
off the upper leakage, leaving A unable to dispose of the entire flow ; there would 
be a rise of water in the tube and possibly a flow. A test of this sort appears to 
be a true test, because it shows some result, while in reality it is false and mis- 
leading. A true test in this case can be made only by placing the packing between 
the porous beds A and B, 

Where two porous beds, A and B (Fig. 97), have been traversed, packing 
l^ed between, then (1) if A equals B in productive capacity, water will stand 
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at same height within and without the test pipe if there is ho leakage in the upper 
beds. (2) If failure to flow was due to such leakage, then a flow will result from 
B, but the additional flow which might be secured from A is lost. (3) If A has 
a greater head than B, and if there is no loss above, water in the test ‘pipe will 
actually be lower than that outside, as in Fig. 98. This may be said to be an 
inverted test and is less misleading than the false and negative test since it plainly 
indicates an error of manipulation. (4) If, however, there is in this case consider- 
able lateral waste in the upper strata, valuable flow from A will be lost just .as 
before the test was made, while B may give a rise in the tube, or even a flow, which 
would foster the impression that a fair tost had boon made, while in reality the 
greater flow has been lost. (.5) If A gives a fccdjier flow than B, ])ut has ah otiual 
head, the tcst'will fail of l)eing complotoly satisfactory only in excluding the feebler 
flow from A. (6) If A has a lower head and is a possible means of escape for flow 
from B, then the iDackiiig has been placed at the right point and the test gives l)cst 
results. 

In another case let A and B roi)rcsent porous bods, lower of whi(di is so con- 
ditioned as to drain upper by virtue of a low(a- outcrop. (1) If drainage loss 
below is not complete, and if packing is placed above .1 (Fig. 99, Well I), result 
will be negative if tlicre is no leakage in upper strata. (2) Should there be con- 



Fig. 99. — Section of strata, showing one correct and two erroneous tests. 


siderable loss there, it will l>c caitofT by the tubci and packing, and some rise in the 
tube will be the result in most cases. Iti either instance result is misleading, partic- 
ularly in the hitter, because the small i^sc of water is apt to allay any suspicion 
as to effectiveness of test; flow from the productive stratum is mainly lost below. 
(3) Suppose packing between A and B (Fig. 99, Well II) : it will shut off flow from 
Af while water in B, because of lower outlet, will fail to flow. If t here is opportu- 
nity for lateral leakage in the upper strata, water from A will rise in the well 
outside the test pipe and pass off into these open up|)er beds. (4) But if no such 
opportunity is afforded, it may rise to the surface and overflow outside the test 
pipe, while water within the test pipe will jwobaldy be found lower Hum before 
the test was made. Proper njethod of testing wills known or suspected to 
present these conditions is to sink a simple seed bag or other obstruction to a point 
in the impervious stratum between A and B, which, when it tightens, will shut off 
flow below. Then a tube with packing sunk at a point cbove A will effectmilly cut 
off all leakage in the upper strata, and full capacity of A will be tested. Test each 
water-bearing stratum as encountered, or else vary the final tests so as effectually 
to exclude all liabilities to error.25 


Measurement of Depth.* Cable Measurements, With a standard outfit, 
depth is usually measured by the cable as the tools are lowered. Just as top 
of tools is about to enter the hole, a string is tied to the cable at the bull- 
wheel shaft; the tools are lowered until this string has gone up over the prown 
pulley and down to the well head, then another string is tied to the cable at 

See tecond footnote, p. ;223. ' . - 
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the bull-wheel shaft, "and so on until the tools reach the bottorn/ N^umber 
of strings tied to cable multiplied by distance from bull-wheel shaft up over 
crown pulley and down to well head, plus last fraction of this distance, gives 
total depth of well. Errors may be caused by slipping of strings, by stretch- 
ing of ‘cable, or by miscount. 

Tape Measurement, Measurement with a steel tape has often been found 
difficult, on account of magnetized condition of casing, produced by jarring 
of the drilling tools. To avoid difficulties of magnetization, a copper wire or 
tape may be used. 

Depth Measured Electrically* (J. G. Thorne) .26 A 2-ft. length of f-in. 
iron pipe was strung as a weight on the end of a 14-gage, rubber-insulated, 
copper wire, and securely fastened, the lower end of the wire and of the pipe 
being about even. This wire ran to the first terminal of a fuse block. An- 
other wire ran from the second terminal to the well casing. From the third 
and fourth terminals connections were made to a 110-volt circuit. A volt- 
meter connected to the first and second terminals registered when the iron 
pipe touching the water surface completed the circuit. 

MAINTENANCE OF WELLS 

Life of wells depends on stability and reliability of water table, on dura- 
bility of both casing and strainer, on clogging tendencies of the stratum, and 
on (juality of supply. 

Lost Supplies. When a deep well is first sunk, it usually gives copious 
supplies, but as time elapses, the yield decreases to a small fraction of the 
original; this is commonly attributed to a decrease in the general supply of 
the region or the drawing off of the water by better wells. In many wells 
this is the real cause, but in others, failure is due to: (1) cave-ins at bottom, 
choking the pipe or damaging the screen; (2) outward leakage through joints 
or holes corroded in the casing; (3) ck)gging of the screen or the tributary 
stratum. This last is the most common trouble. Clogging may result from 
excessive drafts which fill the perforations in the screen and the voids in the 
.pervious stratum with sand and silt. Clogging of metal screens may result 
from depositions of iron or lime. Where waters carry acids, the screen is 
often corroded, the iron set free being redeposited in the sand about the 
screen, forming impervious coatings. Artesian wells at Savannah,. Ga., 
originally flowed under static heads of 30 to^35 ft., but within 3 years these 
decreased by 20 to 25 ft .21 Recession of water-table caused successive aban- ' 
donment every few years of wells at Bloomington, III .22 Wells may be lost by 
pulling casing and screen incautiously for cleaning,27 or by flood, as at San 
Diego.28 

Rate of pumping is important; if excessive, either sand may be drawn into 
the wells or water-table may be permanently lowered, with consequent 
impairment of yield. The practicable rate in granular materials is directly 
proportional to the water surface depression incident to pumping. 

Where several wells are available, they should be pumped unifornal^} 
if some are left idle, and pumping is restricted to one well, clog^ng ensn^, 

♦ S 06 also E. AT., Nov. 26. 1918. p. 1037; E. N. Jf?.. Sept. 12, 1923, p. 

1928, p. 266; J. A, W, W. A., Vol. 11, 1924, p. 840. 
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Operation of the group at uniform rate minimizes clogging; for peak load 
utilize a reservoir supply.23 Some supplies have a pump to. each well to 
afford a closer control of the depression, Eight wells widely scattered over 
the gathering ground at Hibbing, Minn. (9 sq. mi.), were pumped inter- 
mittently in regular rotation to maintain the ground-water level.^^ See 
diagrams in Board of Water Supply Report on Long Island Sources, 1912. 


Table 60. Wells at Camp Grant. Depression and Specific Capacity^^ 


Well number 

Pumping rate in 

g.pni. 

Draw-clown below 
static water level, ft. 

Specific capacity, 

I g.p.m. per ft. of 

draw-clown 

1 

311 

13.0 

23.9 

3 

225 

10.0 

22.5 

4 1 

299 

8.1 

30.8 

5 

263 

10.75 

24.5 

0 

7 

280 

... ^ 

0.42 

44.5 

18.0 


Sand pulled into large open wells by pumping causes trouble, particularly 
in India, where remedy is larger wells, keeping down velocities. Critical 
head for Indian sands is fixed at 4 to 6 ft. For formulas for determining the 
rate of pumping, see Eng.y July 20, 1920, p. 153, and for methods of testing 
yield, see /Wd. Aug. 27, 1920, p. 273. 

Itemedles. When matter collected about a well is soft and loose, it can 
often be removed by pumping heavily into the well. Back blowing with air 



Fig. 100. — Arrangement of piping for back-blowing a well. 

is often applied to float out the finer sand clogging the screen. This requires 
air-lift equipment (see Fig. 100). When both fail, the usual remedy is to pull 
the casing and screen, or the pump and well point, and replace. 
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Table 61. Effects of Ground-water Pumping in Diminisfiing Stream Flow, 
Brooklyn Watershed,* from 1873 to 1899, by 6-yr. Periodsf 

(Compiled by L. B. Ward) 


1878-1882 

1883-1887 

1889-1893 

1895-1899 



Driven well supply 


Expressed as 
rainfall, in. 

daily per 
sq. mi. 

] Begun 



1883 

2.9 

140,000 

5.8 

280,000 

7.8 

,370,000 


Period 

Other pumped supplies 

Total supply 
• from all 

Water collected as stream flow, 
referred to 50 sq. mi. of watershed 



sources on 
water.shed 


Expressed 

as rainfall 


Rainfall, 

in. 

Gala, daily 
per aq. mi. 

(gals, daily per 
sq. mi.) 

Gals, daily “ 
per sq. mi. 

In. 

% of total 

1873-1877 

0.2 

9,000 

517,000 

532,000 

11.2 

25.8 

1878-1882 

1.0 

47,000 

586,000 

,^94,000 

12.5 

30.0 

1883-1887 

. 2.3 

109.000 

652,000 

518.000 

10.9 

25.1 

1889-1893 

r 4.2 

199,000 

824,000 

455,000 

0.6 

21.2 

1895-1899 

2.7 

130,000 

746,000 

327,000 

6.9 

16.0 1 


* See later data in Tabh? (>, Report on Long Island Sources, Board of Water Supply, New York 
(1912). 

t For methods of measuring rate of underflow electrically, see J . A. W. W. A., Vol. 4, 1917, p. 192. 
i Referred to watershed as a whole. 


Interference of wells means that wells are placed too close together, so 
that they cannot draw from their full cone arca.§ Decreased yield and a 
smaller return on thfi investment result. Distance between wells depends on 
size of pipe, capacit}^ of aquifer and artesian pressure (see p. 240). 

Interference of wells has a legal phase. American courts have held each 
landowner entitled to a reasonable use on his own overlying land in conjunction 
with equal and correlative use by other landowners. Diversion by a munici- 
pality may, therefore, be enjoined on proof of damage. This phase requires 
study for a new development.^^ 

Interference by Salt Water.]! Some supplies pumped from wells near 
the seashore have been seriously affected by^alt water, although the normal 
course of underground water is from the land toward the sea. At Spring 
Creek station, Brooklyn Water Supply, the ground waters had become so 
exhausted by 1897 that there were 300 p.p.m. of chlorine against a normal 
of 5. Plant was shut down. One well contained 1400 parts. Jamaica Bay, 
about IJ mi. from the wells, contains 10,000 to 15,000 parts. Increase of 
chlorine at Shetucket wells, L. I., was as follows : 

$ See “The Depletion of Ground-water Supplies,” by R. E. Horton, J. A, W. "W. A.t Vol. 7, 
1920, p. 167. 

11 also “Welle Damaged by Sea,” by W. P. Mason, J, A. W. W. A., Vol. 8, 1921, p. 69; and 
“Relation of Sea Water to Ground Water Along Coast,” by J. S. Brown, American J, Science, Vol, 
4, 1922, p. 274,' 
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CKlaOXtl^TE, PARtB . _ - _ 

Date rer Million Pumping Hate, Mod. 

Oct. 1896* to Mar., 1898. 6 3.7 

End of 1898 74 6 for 1 month; then 3.5 

Oct. 1899 246 2.0 

End of 1902 500 1.25 


* In 1896 twelve 8-in. wells were put down 175 ft. deep. 

Experience shows that several months and sometimes years elapse between 
beginning of heavy pumping and appearance of chlorine. It is possible that 
salt water, being heavier, forces out the fresh water for the full depth of the 
saturated stratum, and sea water gradually advances toward the wells as the 
fresh water is withdrawn. Capillary action will hold much fresh water in 
interstices of the gravel, which will dilute the salt water enough to cause the 
difference between the sea and spring water shown in the analyses; this 
accounts for the gradual increase in chlorine. After pumping has exhausted 
fresh water, it would be necessary to close stations several months, if not 
years, to give the fresh w'ater opportunity to drive out the salt water between 
the station and tide water. It is, therefore, impractical to continue operating 
a station after chlorine has passed the danger mark. JJverpool, England, 
and Galveston, Tex., jirosecuted pumping beyond the margin of safety, and 
sea water in damaging cpiantitics was drawn iii.^oa Met(;alf rci]orts cases of 
water approaching a saline content between 300 and 400 p.p.in., without 
causing complaints. Beyond this limit, dilution was practic^ed. In Tampa, 
the limit of permissible salinity is 350 p.p.m. M cF ardland^ob rejxjrts a Tampa 
well in use 15 years, which had originally a salinity of 20 i).p.m; interim values 
as high as 600, and succeeding values below 100. 'inhere seemed to be no 
regularity to the curve of alkalinity. 

Corrosion of Casings. Life of casing cannot be definitely jiredicted, rate 
of decay depending on conditions in each well. Casing withdrawn from some 
wells, 15 to 20 years old, has been fytund in fairly good condition except at 
joints, though, as a rule, at this age it is too liadly corroded to be withdrawn 
at all. In Victoria, Australia, the iron lining of a bore was eaten away so 
as to destroy its continuity in IS months. There was a saline constituent . 
in the water.33 At Mankato, Minn., steel casing lasts 12 to 15 years; then 
it must he replaced by an interior casing of a smaller size. This disadvantage 
is met by casing with cast-iron pipef (see p. 234), using brass coiiplings. A 
.life of 50 years is anticipated .34 Steel casings at kSavannah failed after 26 
years.35 To preserve steel casing and prevent tlie pollution possible with 
leaky casings, Kircho.ffer has grouted wells at Whitewater, Wis., and else- 
where.37 Stovepipe casing is sometimes as durable as others; experience 
in southern California has been that a stovepipe casing, well below surface 
of saturation, in water containing little oxygen or carbon dioxide, suffers no 
appreciable deterioration. Wrought-iron casings have been taken from the 
ground as good as new after 20 years’ service. At the ground line, corrosipp 
is the greatest, and light casing does not last more than 10 or 1’5 years. 

Detection of leaks is somewhat difficult. In spme wells, water may be 
heard trickling in or seen by a light ray projected by a mirror when the 
pump is withdrawn, jhe admixture of water from outside may sometimee 
be detected by a difference of hardoess, by taste, or by cloudiness due to 

t Hardness of water in deep irould^ahibit corrosion; see p. 810, 
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The remedy is usually to pull the old casing and replace it by new. The 
time the pipe is allowed to remain before replacement is determined by 
estimate based on the action of water on the pump tubes or other pipes. An 
alternative treatment, when the leak is near the surface, is to set a packer in 
the space between the bottom of the pump tube and casing and fill space 
above with cement. At (lalva, 111., wells have 12-in. casing for 110 ft., 9-in. 
casing below. Pump cylinders are 300 ft. }>olow surface. When there are 
indications of a leak, the pump cylinders are taken out, and a cluster of three 
electric lights lowc^rcd into well, with a sliade above. Progress in lowering 
is followed by aid of a field glass, and leak located. 38 

WELL PUMPS AND THEIR OPERATION* 

General Considerations. Water can be dra^vn from shallow wells through 
suction pii)es attached to i)Uinj)s situated above ground or in pump pits. 
Water can be drawn from d(‘ep wells only by starting the column of water 
upward by some sort of propeller located at its lower end, or by air lift. 
Deep-well pumj)s have lower efficiency than surface pumps. The cost of a 
well, which increases rapidly with its diameter, must be balanced against 
the more efficient oi)eration of a larger pump. Pumping eejuipment deci- 
sions are ofien wisely d(‘f(*rred until the sinking of the well has indicated 
the quantity of water a'v^ailable, its depth, and the fluctuations of water level. 
If a well is out of pumb, a decp-\vell immp cannot be operated successfully; 
the air-lift can be substituted. Well water contains air, which will cause 
trouble when punqx'd unless j)ro\’isions for escape are made. Piping from 
the wells should be on an ui)grade to the suction well, to release the air. 

Power for Pumps. Direct-acting steam i)umps are least economical. 
Plunger pumps, i)ist()n-and-cyliiid(*r pumps, and various kinds of centrifugal 
pumj^s, are oj)erated*by a pover head located at the surface, driven by steam, 
electricity, or internal combustion enidnes. Compressors for air-lift pumps 
may be similarly o])erat(Hl; Diesel comjn-cssors have proved economical at 
Fond du Lac, Wis.64 

Plunger Pumps. Sucker rods extending from the well head move a plunger 
or series of i)lungers up and down inside a cylinder supported within the 
casing, admitting water on the downstroke and propelling it upward on the 
upstroke. Two or three plungers can o 2 )erate one above another in the same 
cylinder, the rods being hollow and working one within another, giving a 
more continuous discharge than a single-idiinger pump. The Luitweiler and 
Pomona i)umps (see j). 501), secure continuous discharge from a double 
plunger by a cam arrangement. All plunger pumps have limited capacity 
and high maintenance charges for underground parts,-*! Troubles arise from 
drop pipe, cylinder, foot valve, plungers, and valves, but more frequently 
from breaking of rods. This trouble is a minimum in single-stroke pumps of 
low speed wijh wooden rods.41 This type has two merits: a large discharge 
is obtained from 10-in. or smaller well casings, and speed required is not 
dependent on lift.^c Power head is on a sliding base, which facilitates removal 

♦ (S«e also Pumping Enmnes, Chap. 22 ) Some manufacturers are: American Well Worka 
Co„ Aurora, HI.; A. D. Cook, Inc , Lawrenceburg, Ind ; Keystone Driller Co. (Downie Fumik), 
Beaver Palls Pa.; Layno & Bowler, Memphis, Tenn.; Goo, E Dow Pumping Engine Co , San 
O^oo; Cal.; Westco-Chippewa Pump Co., Davenport, la ; Worthington Pump k Machinery 'Corp. 
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to one side so that underground equipment may be raised. Barrel must be 
located at lowest water level expected, otherwise there will be danger of pump- 
ing air. Varying water level materially affects the efficiency.®® 

Centrifugal* or turbine pumps are horizontal or vertical and single- or 
multi-stage. Only vertical pumps are used in small diameter wells; they 
have submerged rotors driven by power heads through long shafts stayed 
against vibrations. Horizontal pumps are used in large shallow wells or at 
the surface for large quantities of water, ^2 where the head is not too great. 
Vertical pumps are common in deei)-well practice, see p. 484. The pump in 
the early Memphis installation,®® is similar to a screw conveyor, the water 
being forced up the incline. Centrifugal pumps have reasonable simplicity 
and durability of underground parts, and are economical of fuel. Water 
can be raised above the surface by adding another unit at top of shaft, driven 
by same motor. -*1 

Turbine centrifugals are used in wells whose diameters to standing water 
are 12 in. and larger, and where depth to water exceeds 50 ft. Their problem 
has been that of vertical shaft bearings; both roller-thrust and hydraulic 
bearings have been used. A seal placed above the pump converts the well 
casing into a discharge pii)e. If the vertical shaft is enclosed in oil tubing, 
it is long-lived and free from troubles.^c Efficiemhes shown in early tests 
were low. In May, 1915, a new five-stage, belt-connected pump showed a 
combined efficiency for pump and motor of 58.2 per cent. Good performance 
is possible for medium-sized pumps. Vertical turbine pumps cost more than 
pit pumps, and only where a heavy draw-down is required, will they replace 
them on lifts of less than 100 ft. The field for the pitless turbine is 75 to 250 
ft. lift. It is best adapted to developing new wells. 

Advantages of Turbine, Pumps, 

1. All machinery except the turbine is above, groin? d. 

2. Sand and rock cuttings can ly handled, as tliere are no packings or 
leather cups to be cut out. 

3. Moderate first cost. 

4. Small size, weight and floor spai^e. 

5. Easy and simple to operate. 

6. It starts rapidly. 

7. Operates at a moderate speed. 

8. Has a constant and large flow of water. 

9. It is not necessary to xiriftie. 

Disadvantages, 

1. Very low durability. 

2. It is not very flexible. 

3. It operates against a limited pressure variation. 

4. Only a moderate mechanical pump efficiency. 

5. Troubles with bearings. 

Electric Driving. Do not use oversize motor; a poor faetdr results (see 
p. 523 for electric pumping). 

Pump Efficiency. Turbine pumps and motors were purchased for Urbana, 
111., on a guarantee of an efficiency overall of 55 per cent. Tested to 59.3^ 

See also p. 482. 
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delivering 587 g.p.m. against head of 136.9 it. For methods of testing, see 
E, N, Oct. 8, 1914, p. 720. Centrifugal turbines with 125-hp. motors at Aurora, 
111., gave an overall efficiency of 61 per cent, when raising 630 g.p.m. against 
a total head of 497 ft. at 1172 r.p.m.^s 

Pump houses should be built over the machinery. Tower of requisite 
height centered over each well should be provided to aid withdrawal of under- 
ground equipment. Towers may be bare steel frames, or architectural 

structures. 47 

AIR-LIFT PUMP* 


Eduction Pipe 


[Surface . 


^-jr Norma! 

I Wafer Level 

I 


Definition. The air lift, or air-lift pump, is an apparatus for raising water 
from wells by means of (jompressed air forced to relatively great depth in the 
well, through a pipe, and so discharged as to mix 
with the water in small or large bubbles. 

Principle of Air Lift. As compressed air enters 
discharge pipe near bottom at pressure only slightly 
above hydrostatic head, column of water above is 
forced upward; mixture of air with water lessens its 
specific gravity and aids upward motion. Air con- 
tinues to ent;pr, taking i)lace of rising body of water, 
until water flows from discharge opening. The 
moment that part of the rising water is discharged, 
weight of column becomes less, and air beneath 
will correspondingly expand, thus reducing pressure 
on water in discharge pipe below air inlet. Weight 
of water in well outside of discharge pipe then forces 
water into discharge pipe, stopping inflow of air. 

Pressure in air-supply jupe is quickly renewed its 
connection with supply, so that it i^p-gain forces 
entrance into discharge pipe. This process is re- 
peated until whole discharge pipe, above air inlet, is 
filled with alternate bodies of air and water, the 
combined weight of which is enough less than water 
in well to keep up constant flow of water into dis- 
charge pipe. Air issues at mouth at atmosjAieric pressure, expanding as each 
succeeding layer of water above it is discharged. Principal loss seems to be 
slipping back of water layers due to friction o? pipe. 

Use. Air-lift pumps are used in Avells, in mine drainage, f and in industrial 
plants. 

Terminology48 (Fig. 101). (1) Static head: Normal water level when 

not pumping, measured from the surface or top of well casing. (2) Drop: 
Difference between static head and water level when pumping. (3) Pumping 
head: Level of water when pumping as compared to ground surface or top 
of w^ell casing. Static head plus drop, equals pumping head. (4) Elevation : 
Level above the ground surface or top of well casing to which water is raised. 
(5) Lift: Distance water is elevated from level when pumping to point qf 

♦ A partial list of firms which install air lifts: Indiana Air Pump Co., Indianapolis; Ingeri^n- 
Rand Co., New York; Sullivan Machinery Co., Chicago. Talbot Air Lift Co., Philadaphia; Penn^- 
vnnia Compressor Co., New York. 

t Sw Mining /., June 6, 1920, p. 1263. 
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Fig. 101. — Nomenclature 
of air-lift pump. 
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discharge. Static head plus drop equals lift when discharging at surface, 
Elevation plus static head plus drop equals lift when discharging above tte 
surface. (6) Submergence: Distance below the pumping head at which the 
air picks up the water. (7) 100 per cent.: Vertical distance the air travels 
with the water from the point introduced to the point of discharge. Lift 
plus submergence equals 100 i>er cent. (8) ‘Starting submergence: Distance 
below the static head at which the air picks up the water and includes drop 
plus submergence. 

Types of Air Lift48 (Fig. 104). (1) Pohl6 system* consists of an air pipe 

carried down outside of the eduction, or discharge, pipe, into which it is 



(a.) (b.) 

Fig. 102. — Coiriparisoii of Frij^ell 
(a) and PohF3 (6) systems of opera- 
tion; ha is greater than hi. ^ 



Fig . 103. — Foot-pieces. 


either tapped through a short-radius elbow a short distance from the bottom, 
or turned up into the bottom. It is applicable to lifts greater than 25 ft. 
It makes use of alternate j)iston-like layers of water and of air formed in the 
discharge, or eduction, pipe. With intelligently designed air and water pipes 
and a plant skilfully adapted to the given wells, economy is claimed as com- 
pared with many other systents of inirnping. (2) Central system. Air is 
carried down in a pipe suspended inside of the discharge, the water traveling 
up around the air pipe. (3) Reservoir system. Consists of an eduction 
pipe suspended in a casing allowing the air to pass down between the two and 
mix with the water at the bottom of the discharge pipe. 

Frizell system attributes action of air lift to aeration of water in discharge 
pifie (intimate commingling of air with water), which may be sufficient for 
moderate lifts, that is, for cases in which the water rises nearly to the top 
of the well. 

Weber t pump utilizes compressed air, but is really a displacement pump. 

♦Plants with lifts up to 1500 ft. are said to be in successful operation. > ■ 

tWebflr Subterranean Pump Co., N. Y, (Firm dissolved, 1926.) 
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Table 62. Side-inlet Air Lift: Pipe Sizes an^ Capacitiea 


Air pi^e 
oonaeotion, 
in. 

' Water pipe, 
in. 

Size well, 
in. 

Maximum economical 
capacity on moderate lift» 

1 gal, per min. 


1 

3 

! ” ■ 7 

1 

i§ 

4 

20 

1 

2 

4i 

35 

1 

2J 

5 

60 

U 

3 

6 

90 


i 3i 

7 

120 




160 


5 • 

i 9 

250 

2 

6 

i 10 

350 


Table 63. Pohle Annular Foot-piece Air Lift : Pipe Sizes and Capacities 


Well 

Pipe sizes 

Max. economical 

Dimensions of foot-piece 1 

in. 

Diach., 

In. 

Air, 1 

in. 

Tail, 
in. ' 

moderate lift, 
gal. per min. 

Outside 
diam., in. 

Length, 

in. 

4 

n 


2 

20 

31 

i 

11 

5 

2 

1 

21 

35 

4. 

il 

12 

6 

2i 

1 

3 

60 

51 


121 

6 

3 

1 


100 

5 

1 

13 

6 

3i 

u 

4 

140 


a 

13 


4 

l} 

4i 

190 

7] 


131 

^ 8 


u 

5 

225 

7j 


131 

10 

5 1 

1 

n 

6 

300 

9j 


14 


Note. — “Maximum Kcorioiuioal C’apaoity ” is based on 00 per cent, subniergenee and discharge 
of 12 gal. of water per min. per sq, in. area of discharge pipe in the smaller diameters, and 15 gal. 
per min. per sq. in. in the larger sizes. 


Submergence. For most effective operation, use the ratios of Table 65. 
These apply to working conditions, after heavy pumping has lowered the 
water-table. Before accepting a well, the testers should ascertain this 



Pohl4 Pohl6 Annular Saunders • Central 


Bide Inlet. Foot-Piece. (or Reservoir) Air Pipe. 

System. 

Fig. 104. — Types of piping. * 

minimum level. Special plants are working satisfactorily with 8ubmerg6|ie6 
less than 30 per cent, and some with over 75 per cent. Submergence 
starting and working air pressures required. 
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Lorenz’s Theory.* The formulas take account of losses of .energy 
occasioned by slip, pipe friction, etc., and are of practical use in designing 
pumps, provided the necessary experimental coefficients are known. 

During operation of pump, the following equations of heads hold between 
point c (Fig. 102o, p. 250) in pump and a point at same elevation outside : 



Fig. 105. — Com 
bination air lift. 

qy, = discharge 
Vi = velocity of 


u„ 2g 


\ofr. = A, + (2: 

pb L ^g<h‘ J 


( 1 ) 

( 2 ) 


^ 1 + Cp-. 

Vb 2ga,r 

(l + {'lb' + 9"'”) ~ 2gliinp- + c,.qw 


(3) 

(4) 


Op ~ area of eduction pi])c in sq. ft. Ce == coefficient of 
entrance. Cp = coefficient of pipe friction and average slip. 
hi = lift, ft. hs = depth of submergence, ft. I ~ workout- 
put, ft. -gal. ])er sec. pb = barometric jiressure.acting on the 
surface of the water in well and also on the discharge end of 
pipe, d = diam. of eduction pipe, ft. = absolute pressure 
at inlet in foot-piece, qn = discharge of air at pressure pb- 
of water, cu. ft. per sec. Uv> = density of fluid pumped, 
the liquid in the eduction pipe below the air inlet. 


If the maximum discharge, determined from the capacity of the well, and 
the area Up of discharge pipe, determined from the dianj. of the well, and also 
the lift and the known coefficients Ce and Cp are given, the volume of free air 
required may be computed by formulas (3) and (4), from which the submer- 
gence hi can then be computed liy equation (1). liquation (2) then gives tlie 
relations between any desired values of qi, and y«. using the same jiressure pi. 


IngersoU-Rand Formula, f 




llatio of voluiiK* 

h 


of air to water raised: 


Clog 


34 


Va = CU. ft. free air per min. actually required to raise 1 gal. of water; h « 
total lift in ft.; H == running submergence in ft.; C == constant as in 
Table 64. 


Table 64. Constants in Air-lift Formula 


Submergence, per cent. . 








40 


Constant C 











* See also PoM?cr, Nov. 2S, 1020, p. 81^ The following pages are based on Bull. No. 460, October, 
1911, University of Wisconsin, Davis A Weianer, unless otherwise credited, 
t Copyright, 1921, by Ingersoll-Rand Company. 
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Table 65. Showing Customary Allowable and Best Submergences 

(Ingcrsoll-Rand Co.) 


Lift in feet 

CuBtomary allowable 
percentage 
submergence 

Best percentage 
Bubmergence 

Single stage or com- 
pound air comprcBBors 

20 

55 to 70 

(65-70) 

Single 

30 

55 to 70 

(65-70) 

Single 

40 

50 to 70 


Single 

50 

50 to 70 

(65-70) 

Single 

60 

50 to 70 


Single 

80 

50 to 70 

(6.5-70) 

Single 

100 

45 to 70 

(65-70) 

Single 

125 

45 to 65 

(65) 

Single 

150 

40 to 65 

(60-65) 

Single 

175 

40 to 60 

(55-60) 

Single 

200 

40 to 60 

(55-60) 

Compound 

250 

40 to 60 

(5.5-60) 

Compound 

300 

37 to 55 

(50-55) 

Compound 

350 

37 to 55 

(50-55) 

Compound 

400 

37 to 50 

(45-50) 

Compound 

450 

35 to 45 

(40-45) 

Compound 

500 

35 to 45 

(40-45) 

Compound 

550 

35 to 45 

(40-45) 

Compound 

600 

35 to 45 

(40-45) 

Compound 

650 

35 to 45 

(40-45) 

Compound 

700 

35 to 40 

(40) 

Compound 


Return Air Pump. In rising through eduction pipe there is a transfer 
of heat betw€^en air and water; the temperature of the two being practically 
equal at point of discharge. Therefore, 
when pumping from underground supplies, 
air from discharge pipe will be cooler than 
atmosphere during warm months. For 
each 5® fall in temperature of free air 
entering compressor, a saving of 1 per ceijt. 
in energy in compression may be effected. 

Hence, where wells are close to powerhouse, 
economy may be effected by connecting 
inlet of compressor with top of well-casing 
head. A separator for this purpose con- 
sists of a cylindrical drum about 18 in. in 
diam., 8 or 10 ft. long, attached to casing 
head, as in Fig. 106. 

Disadvantages of Air-lift Pump. (1) 

Low efficiency. Generally credited with 
only 25 to 33 per cent., but notwith- 
standing low efficiency of pump itself, 
entire plant in some cases develops a duty which compares favorably with 
other systems. Variation in submergence ratio due to lowered water leyel 
reduces efficiency. (2) Great depth of submergence, see Table 65. A 
single air-lift pump cannot be used in a shallow well or reservoir, except to 
raise liquid a small distance, owing to high percentage of total length of pump 
which must be submerged to give good efficiencies. This limits the air lift 
principally to deep-well pumping. Multiple-stage pump overcomes diffiqul|y, 



Multiple Air Lift. Air Separator. 
Fia. 106 . 
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but probably at reduced efficiency. (3) Limited horizontal pumping. 
Several plants have been installed t6 pump a considerable horizontal distance, 
but such plants are not considered efficient. BisselH' claims that secondary 
pumping is often required to raise water above surface. A booster at Sharps- 
burg, Pa., forces discharge through 1350 ft. horizontally. Efficiency is not 
stated. 50 The air in passing through a horizontal or even an inclined pipe, 
is not likely to be evenly distributed throughout cross-section, but to pass 
along upper side, allowing a large space in lower portion for water to slip 
back past the bubble. In a liorizontal pipe, air cannot exert any buoyant 
effort to aid in discharging water, and its cxpansi\'o force, which niight be 
used in overcoming pipe friction, is not likely to be effective on account of 
serious slip. Where it is desired to convey water to a point distant horizontally 
from the well, eduction pipe should be carried vertically to a height ecjual to 
friction head in the horizontal conductor, and at its top fitted with an air 
separator. (4) Aeration. The thorough aeration of water pumped is gen- 
erally regarded as an advantage, but under some circumstances it promotes 
rusting and consequent destruction of eduction pipe, and in some cases causes 
a deposit of salts which clogs passages, especially in foot piece. Opinion has 
also been expressed that compressed air causes an excessive gnnvth of algae; 
bacterial content of water is somewhat inen^ased by air lift unless air supply 
is filtered. (5) First cost is moderately higli. (6) Flow is intermittent. 
(7) Lack of flexibility to meet variations in demand and less economy in 
operation®^ led to replacement by turbine pum])s at St. Petersburg, Fla. 

Advantages of Air-lift Pump. (1) Large capacity. When conditions 
are suitable, an air-lift pump will discharge more licjuid from a well of small 
bore (4 to 10 in.), than any other tyj)e, due to fa(;t that almost the entire cross- 
sectional area of the well is available for flow of liquid, and action is nearly 
continuous. The air lift affords a means for testing the capacity of a well 
even if it is not to be per manentl)> installed. (2) Low maintenance cost. 
Owing to simplicity, cost of maintenance is very low; life of the pump is almost 
indefinite. Sometimes air pipes and foot piece become clogged with oil 
carried over from compressor cylinders and have to be removed and cleaned; 
this rarely occurs, and cost is small compared with cost of replacing a mechani- 
cal pump. Absence of moving parts in well makes pump especially fitted for 
dirty water, sewage, mine water, acid or alkaline solutions in chemical or 
metallurgical works, or other cj^rrosive liquids. Liejuids that attack metals, 
such as brine, sulphuric acid, etc., may be pumped by air lift, because pump 
and appurtenances may be replaced at small exixjiise and loss of time.. Air 
lift as a dredge pump has been successfully, but not extensively, used. (3) 
Low operating cost. Where wells are scattered, or remote from power house^ 
air lift has advantage over steam-driven pump. In a deep well pump driven 
by steam, each well must be equipped with a separate engine and working 
barrel, which entails heavy condensation losses through long steam supply 
pipes; expense of attendance is great. In air-Jift pump, transmission loss is 
much smaller; no attendance at well is required, operation being controlled . 
by a valve in the power house. (4) Not affected by high temperatures; 
Fluids of different densities and tehiperatures may be handled Jo advahtags 
where other types of pumps would fee prohibited. In a hot liquid, ail ateorW 



3 ■ wBim ' ■ ■V': 

part of heat and is increased in volume, so that discharge for same expendittire 
of free air is greater with hot than cold liquids. This results in a considerable 
gain in efficiency. (6) Aeration. Iron is oxidized by aeration and supply is 
thereby improved.* Aeration is especially advantageous in pumping sewage. 

(6) Reliability. Air pumps are not liable to sudden stoppages or breakdowns. 

(7) Permanence of yield. Wells may be readily back blown to free strainers 
and maintain capacity. (8) Lower temperature of water. (9) System is 
readily adjustable to new pumping conditions due to lowered water level.®^ 
(10) Many wells, of various depths, can be operated economically from a 
central plant. 

Use of air lift^a should be limited to cases where efficiency can be sacrificed 
for sake of reduction in maintenance exx)ense, increase in well output or 
increase in reliability, to crooked wells or those in which water must be 
pumped from a greater depth than 200 ft. 

Eflaciency52 of even a well-designed air lift is low; varying from 10 per 
cent.t for a lift of 000 ft., to 45 per cent.J for a lift of 50 ft.; and is greatly 
influenced by ratio of submergence to lift. Maximum efficiency is secured 
with submergence 2.25 times lift. Lowering of water level affects it. Reduc- 
tion in submergence lowers efficiency more rapidly than increase. Plant at 
Galesburg, III., with submergence ratio of 2.2, and lift of 311 ft., gave efficiency 
of 37.5 per cent.s-* Plant at Fort Bliss, Tex., gave air-lift efficiency of 51.9, 
and wire to water (overall) efficiency of 28.0 per cent.^^ An efficiency of 59 
}oer cent, is reported for an 8-in. well at Camden, N. A jdant near New 
‘York oi^erating both air-lift and deep-well pumps in 8-in. wells found that air 
lift had four times the of)erating cost of dee]>-well j)ump.49 Tests on air-lift 
and deep-well centrifugals at Mobile gave for wire-to- water efficiency 10.6 for 
air-lift and 00 per cent, for ccntrifugals.73 


Table 66. Effect of Table 67. ^Air-lift Tests to Determine Best Flow 

Submergence§52 from Deep Wells, Hattiesburg, Miss.§52 


Sub- 

mergence, 

ft. 

Efficiency, 
per cent. 

Length of 
air pipe, 
ft. 

Flow 
gal. per 
min. 

T.ift 

Efficiency, 
per cent. 

Duty 

gals, per . 
hp.-nr. 

8.70 

26.5 

221 

1,495 

47!5 

32.6 

1,630 

5.46 

31.0 

208 

1,459 

45.8 

31.5 

1,640 

3.86 

35.0 

184 

1,419 

44.3 

31.1 


2.91 

36.6 

102 

1,359 

39.4 

30.0 

1,790 

2.25 

37.7 

142 

1,299 

37.7 

30.6 

1,920 

1.86 

36.8 

124 

1,219 

. 37.5 

32.8 


1.45 

♦ 34.5 

105 

1,100 

• 37.1 

36.7 

2,340 

1.19 

31.0 

86 

1,008 

32.5 

33.4 

2,450 

0.96 

26.5 

70 

904 

29.3 

31.3 

2,530 



07 I 

802 

26.0 

30.6 

2,760 



4.3 1 

690 

21.2 

29.8 

3,240 


• Plow about ],100 gals, per min. 
Lift about 37 ft. 


* For results at Memphis, see E. N. R., Dec. 18, 1024, p. 992; Public Works, Vol. 54, 1923, p. 371; 
Public Works, Vol. 66, 1924, p. 13. , ^ , . 

+ Many old plants test to 10 per cent, due to combined obsolescence and lowered water table.** 
i For pump only, exclusive of compressor losses. 

t “Pumping by Compressed Air,” by E. M. Ivens. Speed of air compressor was adjusted so 
flks to keep rate of now of water constant, while length of air pipe was varied; dimensions of. well aiid 
air lift were as follows: 

Total depth of well, ft .6 

Inside diameter of casing, in ... 9f 

^ - Inside diameter of air pipe, in 2| 

Inside diameter eduction pipe, in ^ 91 

■ ■ ■ lift, it. to ■: 
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Requirements for Efficient Air Lift^'^ 1. Means to secure a perfect mixture 
of minute air bubbles and water at the point at which air is injected into water. 
Then each particular small bubble will start its lifting effect at once. 2. A 
Ventura, or choke, just above the mixer. This will increase the velocity and 
give a jet effect at this point. 3. Eduction pipe arranged with proper 
enlargement, to allow for expansion of air so far as possible and to prevent 
excessive velocity toward discharge. 4. An absolutely smooth passage for the 
air and water. Even the swirl caused by the recess in a coupling, occurring 
as often as it does in a long pipe, will cause much loss. 5. Proper proportion- 
ing of air and water pipes. 

Tests. Westinghoiise Air Brake Nearly 1800 experiments, on nearly 

400 different combinations of discharge pii)c, diam., lift, and submergence, 
made on an actual well, 6 in. diam. and 174 ft. deep, led to the conclu- 
sions: (1) Rate of delivery of water, and air consumption per gallon, with fixed 
size of discharge pipe, are practically constant for all lifts, provided ratio of 
lift to submergence is maintained constant. (2) With a discharge pipe of 
given diameter, delivery decreases and air consumption per gallon increases 
as ratio of lift to submergence increases. (3) With a fixed ratio of lift to 
submergence, air consumption per gallon decreases as size of discharge pij)e 
increases. (4) Least air pressure that will give continuous flow is the proper 
pressure to use. A slightly lower pressure gives intermittent delivery, and 
the amount is much decreased, though air consumption i)er gallon is slightly 
lower than with continuous flow. With pressure higher than required to give 
continuous flow, delivery is increased somewhat, but air consumption per 
gallon delivered is increased in greater ratio; and with further increase in air 
pressure, a point of maximum delivery is reached beyond which delivery is 
decreased. Sound of discharge is a reliable guide; to proper regulation of air 
supply. (5) It appears from (2) that by increasing subyiergence, Lc., locating 
foot-piece deeper in water, for a given lift, air consuinj)tion is progressively 
reduced; but as required air pressure is increased, a cubic foot of air rexiresents 
greater power. A curve representing variation of horsepower required per 
gallon of water delivered, with depth varying, shows that the power first 
decreases with increasing depth, then reaches a minimum, and thence 
increases. Ratio of lift to submergence at this minimum point may be called 
'^economical ratio.^^ (6) For a given size discharge pipe, the economical ratio 
decreases as lift increases; Lc., submergence should be increased in greater ratio 
than lift. For a given lift, econbmical ratio increases (submergence decreases) 
as size of discharge pipe increases. (7) A tail piece, or projection of discharge 
pipe below air inlet, is essential in starting, as it tends to prevent air from 
backing down into the well and rising in casing outside the discharge pipe.’ 

(8) Any jet or pipe introduced into discharge pipe to serve as an air inlet ha« 
no value, and is detrimental by forming an obstacle to free passage of water. 

(9) Size of air pipe is determined only by considerations of friction loss 
required to force air through pipe. 

University of Wisconsin Test of 13 Air Lifts.^^ Conclusions from 1911 
tests are given in BulL 460. Tests in 1923 by Ward & Kessler led to 
conclusions: 
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1. Efficiency of an air-lift pump depends primarily upon conditions of 
flow in eduction pipe. 

2. Great refinement (small air openings for dividing air into fine bubbles, 
and special devices for mixing air with the water) in design of foot pieces 
is not necessary. No central nozzle or projecting part should obstruct 
flow of water in foot piece. 

3. In a given well, maximum efficiency results at some particular rate of 
pumping. The smaller the pump, the narrower the range of rate of pumping 
in which high efficiencies may be obtained. 

4. Per cent, submergence required for maximum possible efficiency 
generally ranges from 65 to 75, The lower range is approached in wells with 
high delivery head. 

5. Very small pumps give relatively high efficiencies with low submer- 
gences. A l-iu. pump shows good efficiency at 45 per cent, submergence. 

6. It is possible that the air-lift pump may be satisfactorily adapted to the 
pumping of small wells, e.g.^ for rural water supplies. 

7. Combined friction and slip losses due to flow in eduction pipes follow 
a different law than that which governs flow of water, or of air, in a pipe. 

8. There is a com{)aratively simple relation between frictional losses and 
velocity of IJow in an eduction pipe for any particular mixture of air and 
water. 

9. At a given velocity of flow the losses in eduction pipe increase as ratio 
of volume of air to volume of water increases. 

10. There is one velocity of flow, for any ratio of volume of air to volume of 
water which gives a minimum loss of head. Losses increase very rapidly when 
average velocity is reduced below this. Rate of increase of losses with in- 
crease of velocity dei)ends uj)on diameter of eduction j)ipe. Relatively high 
velocities may be used in large eduction jwpes. In small eduction pipes, losses 
increase rapidly with increase of vekiiaty above the velocity which gives 
maximum efficiency. 

11. Joints in eduction pipes should be smooth. Changes in pipe sizes 
should be gradual. A sudden enlargement is detrimental to efficient opera- 
tion. Eduction pipes should be vertical. A horizontal travel of a mixture of 
air and water results in sepai*ation of air and water. 

12. In many cavses, eduction pipes of uniform diameter could be designed 
to give better efficiencies than are now obtained with varying diameters. 
This, is particularly true of pumps used in wells in which delivery head is 
relatively low. 

13. Many pumps of varying diameter are designed on the faulty assump- 
tion of a straight-line hydraulic gradient from foot piece to point of discharge, 
which results in use of velocities that are entirely too high in the lower sec- 
tions of eduction pipe. 

14. Loss of head-velocity analysis is most satisfactory method of corre- 
lating experience with air-lift pumps. This makes possible the application of 
experience to the practical design of pumps for conditions different from those 
encountered in the tests. 

16. Many experimental tests of pumps do not include sufficient data for 
eomirfete analysis of conditions of operation. Temperature of liquid pumped # 
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should be recorded in field tests. Pressure measurements should be taken, 
when possible, at points in eduction pipes where pipes of different size are 
joined. These pressures may be obtained at small cost, if J4-in. gage pipes 
are installed when eduction pipe is being assembled and lowered into well. 
Pressure observations then can be made, in same way that level of water in 
well is usually obtained by use of ^‘tell-tale pipes. There is particular need 
for further experimental tests on eduction pipes of large diameter. 


16. Test models of air-lift pumps less than 
40 ft. long are apt to give results different 
from those obtained with long pumps. 
Losses which are relatively insignificant in 
large pumps become important in short, air- 
lift pumps. 




Fio. 107. — Sullivan standard air-lift pump Fkj. 108. — Sullivan special 

and umbrella well head, with casing flanges air-lift pump and umbrella well 
and connections. licad. 


Table 68. Central Air Pipe Air Lift: Pipe Sizes and Capacities 


Sixe of casing, 
in. 

Size of air pipe, 
iu. 

Capacity, * 

g.p.rn. 

3* 1 

- ' 

u 

80 to 100 

4 

li 

100 to 150 

5 

2 

150 to 250 

fi 1 

2 

275 to 375 

8 

2i 

500 to 650 

10 


775 to 1000 ' 


Booster Sjrstexn. By this means, water may be lifted to an elevation 
above the surface by using again the air employed in the air lift proper, 
This system is especially suitable where the elevation must be accomplished 
at some distance from the wells. There is an open exhaust for released ah' 
escape to atmosphere, hut this is throttled by a valve so as to retaia 
Ipressure above the water to force it through discharge pipe to 






WELLS 


W'. 

ajid elevation* With exhaust pipe full open it will discharge air and water; 
then the valve is partially closed until only air escapes. Engineman operates 
complete plant from compressor, no adjustment being required other than 
varying speed of compressor to secure greater or less amount of water. Any 
number of wells and ‘‘boosters ” may discharge into a comipon delivery pipe. 
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CHAPTER 11 


INFILTRATION GALLERIES 


Types. American practice is to construct conduits below the water-table 
in water-bearing strata bordering streams, so as to collect seepage from the 
stream, while German practice (p. 264) is to intcrce])t tlie flow towards the 
stream. Collecting conduit may be a tunnel, a walled conduit with many 
openings, or a pipe line with open joints or with inlets similar to the strainers 
used in filtration, see p. 724. In American practice the conduits generally 
lead water to a pump well, for elevation to height needed for use. For 
Smith system at Parkersburg, W. Va., see T, A. S. C. E., Yol. 81, 1917, p. 775. 

Galleries vs. Wells. A gallery intercepts water more completely than 
wells. Under proper topographical conditions, the suction pipe may be elimi- 
nated and trouble from pumping air minimized. A gallery supply costs 
less to investigate than a system of wells. Pum])ing charges are less, particu- 
larly when the well level is at considerable depth. A gallery has lower 
depreciation, but higher construction cost. Galleries are not advisable 
except for water-tables of known stai)ility. Many galleries have failed to 
produce water permanently in sufficient quantities. i Siltation or cementing 
of porous strata surrounding a gallery will curtail the yield, unless means for 
cleansing (see p. 261), are provided. Wells may be deepened to accommodate 
the receding water-table, but galleries must be abandoned. Ease of pollution 
causes sanitarians to look upon the gallery with suspicion.! Wells draw 
deeper and more sterile waters, but th^. mineral conbmt may be objectionable. 
Pollution of gallery water at Austin, Tex., was sto])pe{l by an intercepting 
sewer.2 

Infiltration rates of 0.010 to 0.025 mgd. per acre of area drained by the 
galleries may be expected from a properly designed infiltration system.^ 

Table 69. Yield of Infiltration Galleries4 


Annual 

rainfall 

in 

inches 

C'ateh- 

ment 

area, 

acres 

.\verage yield 
of gallery 

Cfs. 

Per cent, 
of 

rainfall 

3r>.o 

S220 

0.8 

29.5 

27. G 

8000 

8.3 

20.4 

27. G 

31.0 

4.5.0 

2250 

8780 

2.6 

5.7 

1 6 to 

7.5 

37. d 
18.1 




City 


Topography 


(1 oology 


Kennes. . . 

Brussels. . . 

Brussels . . . 
Liege 


Brookline. 
Mass 


Gently sloping, broken by 
small vaUey.s, cultivated 

Gently sloping, broken by 
small ravines, cultivated 

Same, forested 

Gently sloping 


Dt?(?ompo.sefl 
granite in 
place 

Porous .sand 
Same 

F i .s s \i r e d 
white chalk' 

Gravel 


jCollecting pipes are used both separately and iu conjunction with collecting 
galleries. Valves can be placed on them and means thus provided for hack 
Wowing to iinprove capacity. This is an advantage. Perforations in cq!- 
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lectors should have a gross area sufficient to limit velocities of inflow to those 
that will not carry sand into the system. 

Clogging. A timber gallery in North Platte River was 3 X 3 ft. inside, 
made up of 2 X 4\s spaced f in. apart. The hard water and gravel were so 
constituted as to produce cementing conditions which greatly diminished 
the porosity of the gravel. Relief was secured by excavating and removing 
the incrusted material; but the impervious condition would recur within a 
few weeks ; the gallery was finally abandoned. s 

Self-cleansing. Prince^ installed on North Platte River a cast-iron main 
collector with Ys at each of 10 branches, 36 ft. long, controlled by a valve. 
Inlets on each branch were 1-in. holes about 10 in. on centers in three lines. 
By reversing flow from the reservoir, by-pavssing the pumps, and concentrating 
all flow on one branch by closing all other valves, a reverse current is set up 
which removes clogging of influent orifices and breaks up incii)ient cementing 
of gravel. 

Denver. For years, Citizens Water Company, Denver, 6 secured a supply 
from about 1 mi. of timber (;rib, 30 in. square in section, and about 1 mi. 
of perforated 30-in. i)ipe, both submerged from 14 to 22 ft. in water-bearing 
Sands of Platte River.* Timber crib was open at bottom, so that, with open- 
ings of cribl^ng, perliaps half its superficial area permitted inflow; for the pipe, 
the net area of perforations probably bore a much smaller ratio to circum- 
ferential area. It may be assumed that in 2 mi. the total area of inlet openings 
equaled 25 per cent, of the surface exposed to sand, affording a total net area 
of inlet openings of 26, 000 sq. ft. Supply secured was 400,000 to 450,000 cu. 
ft. per day, equivalent to 13 cu. ft. per day per sq. ft. of inlet opening, or 
velocity of inflow of 0.00015 ft. per sec. As the water approached radially 
from every direction it may be a.ssumed that the maximum velocity through 
the sand was less than one-fourth that through the openings. Assuming an 
average head of 16 ft. acting on the*j:;ribs, the spouting velocity of water 
entering the pipe from a free body of water would be 32 ft. per sec.; actual 

average velocity was only 9 qq^qq such rate, corresponding to F = 

0.00004 

Des Moines. Total length of gallery completed and in use at time of 
test was 8480 ft. Manholes, 600 ft. apart. Depths of galleries 20 to 25 ft., 
submerged 5 to 10 ft. at low water. In extensive and uniform coarse sand‘ 
deposits of the Raccoon River Valley. The newer part, 5160 ft. in length, 
built of concrete rings, has a cross-section of 12.6 sq. ft. Older galleries are 
rectangular, 15 to 20 sq. ft. in cross-section. When yielding at rate of present 
maximum pumpage, 14 mgd., aver. vel. at lower end of main gallery is only 
0.9 ft. per sec., decreasing progressively to practically zero at far end.^ Flood- 
ing was resorted to for the purpose of increasing the yield in the drought of 
1922. See/. N, E, W, IF. A., Vol. 38, 1924, p. 203. 

Wantagh and Massapequa galleries of the Brooklyn, N. Y., Water Supply, 
respectively 12,600 and 18,200 ft. long, consist of vitrified sewer pipe laid 
with open joints in sheeted trenches 10 to 15 ft. below normal ground-water 
level and surrounded with coarse gravel, over which a layer of fine gravel w^;^ 

Many Ohio River towns employ this method. See T. A. S. C. E., Vol. 81, 1917^ p, 
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placed. Sand was used for refilling the trenches. The whole region w a 
Lndy, gravelly morainic outwash. The lower line of sheeting was usuaUy 



Fig. 109.10a 



Fig. llO.ioa 


left in place. Beginning at the pumping station at the central point, ^5) 
^ery excavated in both ditfctions, approximately at right ang^^ ti 
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the direction of underground flow. Gradients of the galleries toward their 
central wells are sufficient to carry double the estimated normal 3 deld of 
1,000,000 gal. daily per 1000 ft. Pipe diameters increase from 20 in. at 
extremities to 36 in. at the pump wells. To facilitate construction and to 
collect sand which may enter the galleries, manholes with sumps are provided 
every 260 ft. Crossing a village, Wantagh gallery was laid with cast-iron 
pipe for 1800 ft. to exclude polluted water. Construction cost proved to be 
about twice that for driven well systems in same locality, per million gallons 
daily, but total cost of water, delivered, including interest, sinking fund, taxes, 



Section A-B. Section C-D. 


FiU. 111. — Underground collecting reservoir with flap valves. 

operating expenses, extraordinary repairs and depreciation, is much less per 
million gallon than that of water obtained from the wells on the same water- 
shed. (Wm. W. Brush.) 

Subterranean Storage Gallery, Santa Barbara, Cal.” Tunnel, 5 ft. X 7 
ft:, penetrates 2 mi. through sandstone and shale into a hill containing a 
natural underground reservoir; 2000 ft. from tunnel portal is a masonry bulkr 
head; through this passes an 8-in. pipe which conveys the undergroumi 
supply to the city reservoirs during the dry season. A valve outside the 
bulkhead is qlosed in autumn when pity no longer needs this auxiliary^ sup^ 
piy; during the winter, the pressure behind the bulkhead rises rapidly^ Ip; 
^ 1 mgd. is available for 3 months. The uhderg^xmnd 
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voir has an estimated capacity of 45 mg. Normal flow from underground is 
about ^ingd. 

German Methods. In building an infiltration gallery, clayey material, 
if possible, is rammed solidly against the wall toward the valley and above the 
roof so as to form an underground dam which backs up the underground 
stream, and forces it into the gallery. Such a gallery collects as much water 
as possible from the ground, and the underground dam utilizes the ground as 
a collecting and equalizing reservoir. In refilling the trench on the side 
toward the hill, broken stone or gravel is solely employed, the coarser layers 
being next to the gallery; on top just below the surface, a layer of impervious 




Fig. 112. — Filter basins to augment water supply from infiltration wells and 
galleries, liuhr Valley, Germany. » 2 


material is placed to prevfuit surface water from entering. Figure 109 is a 
cross-section of a collecting gallery (large enougli for a man to pass through) 
the bottom resting on the solid rock; the dotted lines indicate a manhole, 
which reaches 10 in. above the surface, to prevent earth, etc., from being 
washed in. According to size of plant, the inspection and ventilation shafts 
may be large enough for a man to enter, or only 8-in. pipes. Figure 110 
represents a collecting reservoir, in communication on both sides with two 
collecting galleries (large enough for a man to walk through); a delivery pipe 
leads f rom this reservoir, and the flow is regulated by a valve. 

Subterranean Galleries at Wiesbaden are good examples of another 
method of utilizing underground water Supply. The water-bearing mountain 
is composed of fissured quartz in tlie interior, covered with slightly porous 
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rock. Galleries were driven at the necessary elevation to give sufficient head 
for supplying water; they are pierced where flows occur, to receive the water. 
Total length of galleries is 3000 meters, of which 2000 are in the porous 
covering. Inequalities of flow are harmonized with demands for water by 
building doors in the galleries. These doors are of wrought iron, and made 
watertight by rubber gaskets on the frame. Behind these doors, erected 
in pairs, the surplus water is stored in ample quantities for use during the 
dry spells. Water is taken off by means of a valve beside the door. The 
local situation of the doors is determined by existing lateral outflow from 
the subterranean reservoirs, since the damming by means of the door should not 
raise the water to such a height as to prevent free discharge from the fissures. 
The distance to the next doors downstream is fixed partly by the occurrence 
of soft formations where they can be erected, and according to the existing 
free flow, the height of which must not be exceeded by the second doors. 
A succession of these doors in an inclined gallery gives the appearance of a 
flight of stairs to the water surfaces behind the doors. 

Examples and References. Golden, CoL, E. jV., June, 1801, p. 610. Newton, 
Mass., E. R.j Nov., 1891, p. 418. Munich, E. /?., June, 1898, p. 78. Daggett, 
Cal., E. AT., Sept. 3, 1896, p. 157. Los Angeles, Cal., E. A., May 31, 1906. 
Naples, Italy, Proc. Imf, C. E.y Vol. 84, 1885, p. 468. Dresden, E. /?., Dec. 30, 
1899, p. 722. Pueblo, Col., E. N., Jan. 17, 1891, p. 53. Beaver Falls, Pa., E. A., 
Aug. 20, 1896, p. 116. Owensboro, Ky., E. R., Aug. 31, 1907. Amsterdam, Hol- 
land, E. A., Apr. 27, 1905. Allegheny, Pa., E. A., May 17, 1900. Des Moines, 
la., E. A., Apr. 27, 1912. There are also plants at Zanesville, O., Parkersburg, 
W. Va., Newark, O., Gallipolis, ()., and Ironton, 0. (E. /?., Feb. 4, 1911). 
Kingfisher, Okla., E. A., Apr. 20, 1916, p. 744. 
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SPRINGS 

Bevelopment. Springs may issue from fissures in rock, or from exposed 
faces of jiorous strata, or wherever ground water has access to the surface. 
Development* of a spring supply consists ordinarily in freeing the. flow by 
removal of obstructions, providing a wall to exclude ])ollution and to form a 
reservoir, and supplying a cover and overflow for the reservoir. Flows from 
porous strata can be increased by a series of collecting pipes;' or an infiltra- 
tion gallery (see Chap. 11). 

Yield of Springs.' Tlie upper Vannc Springs, Paris, France, are fed from 
an area of 136,300 acres. They sujiply 24.5 cfs. (16 mgd.) from an average 
rainfall equal to 28 in. (21 per cent, collecded). Tlie largest spring has a min- 
imum yield of 2.5 cfs. and average 7. The largest siiring suppl.Ying Vienna, 
Kaiserbrunnen, averages 20 cfs., varying from S to 34. The yield of springs is 
subject to the same conditions as wells; see p. 240. Roanoke, Va,, is supplied 
from springs issuing from the limestone and having a flow varying from 3.0 to 
5.0 mgd.t 

Classification. (1) Springs which bubble out of fissures of rock layers; 
(2) those which issue from the weathered rock strata above or beside the 
bedrock; (3) those which bulible up in alluvial land. 

Utilizing Springs in Rock Strata.sa First remove all earth and weathered 
rock over and about the point wliere Jbhe water issues, so as to lay bare the 
bedrock. Water issuing from the rock is then caught in a small reservoir 
with stone, concrete or brick walls, whence it is conducted through pipes to 
the point of consumption. 

Earth slopes around a spring should be strengthened by sod or paving to 
prevent being washed down. Make sure that rain water cannot find its way 
to the rock against which the spring house is built. Figure 114 shows a 
spring house without entrance, one with entrance on top, and one with a 
door at the side, respectively .3 b * 

Weathered Rock. Water issuing from partly loose and sandy rock layers 
often carries much sand. Si)rings with reservoirs which are not large or deep 
enough, and into which surface water passes after a rain, are often cloudy on 
account of their content of suspended matter. Such water should be passed 
through a sand-catcher, or settling basin, before entering the dear-water tank 
or reservoir. To keep the water pure, it is necessary to provide for this settling 
chamber a concrete or brick roof covered with earth, and to keep the air out. 
An auxiliary conduit through which the water can be passed when the settling 
chamber is to be cleaned, and means for emptying it, are also necessary. A 

* See “Utilizing a apring as source of water supply for a town/’ J. N. E. W. W, .4.,. vol. 11* lSS6v 
,p. 156. 

t There is a supplemental supply from ot^cr sources. 
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suitable settling chamber is rectangular, of such a crossHsectioui that water 
pa^es through it at a slow speed, say 10 ft. per hr., according to the nature 
of the suspended matter. 

Utilizing Springs in Alluvial Soil.3b The method described in the last 
paragraph applies also to springs in the upper regions of alluvial land, such as 
mountain valleys. Springs in the lower regions of alluvial land occur mainly 
in trough-like depressions of large river valleys and in low-ground districts, 
which are either at a lower level than the ground water in the neighborhood 
or at place where it is dammed by deficiently pervious or impervious obstruc- 
tions. On the shores of rivers and lakes, especially in inlets, ground water 
often issues from the soil as a spring and passes into the river or lake; springs 
which are covered by water reveal their existence by rising air bubbles as well 
as by small sand runs. Springs in low ground always rise from below, and 
often make themselves manifest by bubbling, so that they are comprised 
within the class of bubbling springs. Springs in the mountain valleys rarely 
behave in this way; when they issue from the soil under pressure from a higher 
level, they may be called fountain springs. Bubbling springs in low ground, 



on account of the slowness with which the water flows off, often cause a con- 
siderable accumulation of water in the form of a pool, swamp, or pond, 
covered with plants and containing animal life. When it is possible to drain 
the pool artificially, the surroundings of the springs are carefully cleaned to 
remove mud, plants, etc., and clean solid ground is laid bare around the sepa- 
rate larger springs and around groups of - smaller springs. The springs are 
then surrounded with concrete or brick wajls higher than the ground, and a 
cover is provided to prevent impurities from getting in. In most cases arti- 
ficial drainage requires pumping, but with springs issuing from sand, pumps 
must not be operated with such force that the springs begin to yield much sand, 
since otherwise underground conditions may be changed in time and the outlet 
of the spring may be shifted. A larger area of springs, with numerous little 
springs, is enclosed by a wall, after the pool has been cleaned. This wall is 
built above the level of the surrounding ground. On the solid ground sur-» 
rounding the spring area, the individual springs are connected with one anothej? 
by means of little channels. If the spring area is not too extensive, it is* 
covered with an arch roof. Very extended spring areas are enclosed only by 
a ifiasonry wall, or in loose ground, by sheet piles. Channels frpn^ tlf; 
individual springs communicate with a collecting reservoir, fn>na wM^^ 
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water is taken when needed and which is covered and closed. Ventilation, 
as well as protection against frost and heat, must be taken into consideration 
in this case, as in all problems of spring construction, and means for emptying 
and overflowing should be provided. 

Springs of Baden-Baden.2a Along the open cleavages between the granite 
and colored sandstone, there appear everywhere springs or threads of water. 
These are either caught separately or, wherever they appear in rows, are col- 
lected in conduits. Collecting conduits vith a total length of 0.75 mi., are 
connected together by intermediate conduits of 0.5 mi. length. The conduits 
are 2 ft. 4 in, wide and 5 ft. 3 in. deep. Where a stronger spring issues, a 



niche is broken through the wall of the conduit; an opening is also made in 
the collecting pipe below the bottom of the conduit. Smaller threads of 
water are collected in clay pipes along the walls of the conduits, connecting 
with the next niche where water flows into the main collecting conduit. The 
bottom of the conduit serves only to collect tlie water dripping down from the 
walls; it runs from here to the spring house and then into the exit provided. 
The walls are built dry; the bottom, and side walls are covered with cement 
to a height of 8 in. 


Bibliography, Chapter 12. Springs 

1. C. H. Lee: J. N, E. W. W. A., Vol. 10, 1923, p. 589. 2. Lueger: “ Wasservereorgu^,'’ 1^. 
a|l>, 399: b| p, 410 3. Konig: ** WaBserleitungen und Wasserwerke,'* 1907, a, p. 113; b, p. $65. 


PART III 

TRANSPORTATION AND DELIVERY 
OF WATER 


CHAPTER 13 

OPEN CHANNELS 

Economy of open channels in contrast to conduits lies in low cost of 
materials utilized, saving of materials in the roof of the conduit, and elimiha- 
tion of refilling over conduit. Against these must be balanced evaporation 
and seepage losses,* the longer line required to locate the channel topographi- 
cally to follow the hydraulic grade line, ice troubles in regions of cold winters, 
■ and facility of pollution. Cattle and tree roots have injured concrete linings 
gopher holes weaken the foundation. Cross-drainage must be cared for. 



TYPE 3 TYPICAL SECTION 5HOWIN© DRAINPIPE 

Fig. 115. — Open channels. U. S. Reclamation service. 


Forms of Section. For semicircular section running full, or for lower half 
of any regular polygon, also running half-full, hydraulic radius equals half radius 
of inscribed circle. Any such half regular polygon has minimum wetted perim- 
eter for given area, and, consequently, is of most advantageous form from a 
theoretical point of view to deliver maximum quantity of water for given 
slope of bed, given area of water prism, and given number of sides for polygon. 
Of all trapezoidal sections running full and having a common side slope, or 
angle B from the horizontal, that one is of most advantageous form whose three 
sides forming the wetted perimeter are tangent to the semicircle having a 
radius equal to the depth and with its center in the surface of the water; it$ 

AsDumed at 6 cfa, per million sq. ft. of wetted area on unlined canals for Lethbridge Northei*^ 
Irrigation District,** 
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hydraulic radius is equal to half the depth.' The half-hexagon is the most 
economical trapezoid." ' 

The side slopes given to unlined ditches should be based on successful 
practice and should recognize climatic influences, particularly frost ani ice 
action. The type of excavating machinery also determines the slopes. Etch- 


verry2 cites as common practice : 

For cuts in firm rock 1 on J 

For cuts in fissured rock, disintegrated rock, tough hardpan 1 on i 
For cuts in cemented gravel, stiff clay soils, ordinary liard- 

pan 1 on J 

For cuts in firm, gravelly, clay soil, or for side-hill cross- 

section in average loam 1 on 1 

For cuts or fills in average loam or gravelly loam 1 on 

For cuts or fills in loose, sandy loam 1 on 2 

For cuts or fills in very sandy soil 1 on 3 


On Lethbridge North Irrigation District, 26 canal sections were proportioned 
for h = d‘^ --dhy in which h = base width, d ~ de])th of water, and // —side 
slope ratio. 

Table 70. Sections and Slopes of Some of the Principal Canals in Earth of the 
U. S. Reclamation Service^* 


Projc'ct 

Nain<‘ of 
e.'inal 

j Size, ft. 

Side slopes 

Velocity 

Capac- 

ity, 

cfs. 

c 

Slope 

Kut- 

ter’s 

n 

Bot- 

tom 

width 

Depth 



20 

13 

li:l 

2.90 

1,520 

0.000154 

0 . 025 

Truckee-Carson 

Main Trucki-e 

12 

13 

1 :1 

3.70 

1,202 

0.0003 

0.025 

Truckee-Canson 

Lateral Line A.-V 

13 

0 

2 :1 

2.53 

380 

0.0002 

0.020 

Truck«e-Carson 

Lateral Lino F 

4 

3 

2 :1 

1 . 05 

50 

0.00025 

0.02 



r> 

3 

2 :1 

1.73 

62 

0.0002 

0.02 

No. Platte 

Interstate 

34 

10 

U:1 

2.80 

1,407 

0.00017 

0.025 

No. Platte 

Interstate 

24 . 5 

10 

2 :1 

2.94 

1,220 

0.00017 

0.025 

No. Platte 

Interstate 2rul 

30 

0.5 

i:l 

2.75. 

908 

0.00017 

0.025 

No. Platte 

Interstate 2n(l 

22 

8.5 

M:J 

2.50 

738 

0.00017 

0.025 

Lower Yellowstone 

Main 

^.5 

10 

U:1 

2.14 

824 

0.0001 

0.025 

Lower Yellowstone 

Main 

25 

8 

U:1 

1.89 

520 

0.0001 

0.025 

Lower Yellowstone 

Main 

15.5 

0 

l\:l 

2.12 

312 

0.002 

0.025 

Huntley 

Main 

14.5 

7 

1 i : 1 

2.20 

401 

0.0002 

0.025 

Huntley 

Main 

11 

5 

11:1 

2.00 

240 

0.0004 

0.025 

Huntley 

Main 

s 

3 

M:1 

2.02 

08 

0.0008 

0.025 

Huntley 

Main 


:i 

M:I 

2.00 

50 

0.00055 

0.025 

Huntley 

Main 

4 

2 

U:1 

1 . 52 

21 

0.00055 

0.025 

Uncompahgre 

South 

30 

10 

2 :1 

2.5 

1,248 

0.000135 

0.025 

‘ Uncompahgre 

South 

40 

8.3 

2 :1 

2.5 

1,175 

0.00015 

0.025 

Belle Fourche 

North 

40 

0 

1 :1 

3.08 

1,358 

0.0002 

0.025 

Belle Fourche 

North 

27 

i 7 

H:1 

2.51 

; 650 

0.0002 

0.025 

Belle Fourche 

North 

23 

7 

11:1 

2.45 

575 

0.0002 

0.025 

Belle Fourche 

South 

20 

1 If 

1 :1 

2.47 

307 

0.0003 

0.025 

Belle Fourche 

South • 

10 

5 

M:1 

2.30 

278 

0.0003 

0.025 

Belle Fourche 

Waste Channel 

50 

15 

1 :1 

3.00 

2,020 

0.0001 

0.025 

Belle Fourche 

I iilet 

40 

10 

1 :1 

3.27 

1,035 

0.0002 

0.025 

Belle Fourche 

Inlet 

3G.6 

10 

U:1 

3.22 

1,059 

0.0002 

0.025 

Klamath 

Main 

44 

11 

l|:l 

2.25 

1,500 

0.000081 

0.025 

Klamath 

E. Branch 

10 

0 

1J:1 

1.74 

261 

0.000132 

0.025 

Umatilla 

Feed 

13.0 

5.5 

2 :1 

2.19 

300 

0.000201 

0.0225 

Umatilla 

Feed 

11. S 

5.5 

li:l 

2.18 

300 

0.000103 

0.023 

St. Mary 

Main 

27 

8 

U:1 

2.70 

850 

0.0002 

0.025 

Shoshone 

(larland 

40 

0.5 

2 :1 

2.01 

1,000 

0.00022 

0.0226 

Shoshone. 

Garland 

20 

9.7 

2 :1 

2.58 

1,000 

0.00016 

0.025 


* See also Scobey, U. S. Dept. Agri., Bull. 194, 1915, p. 19-27. 


Lining.’*' Where water is valuable, concrete lining is economical in saving 
both seepage and maintenance; where water is pbntiful, the expense may not 
be justified. Metal flumes are sometimes incorporated as linings. With 
concrete lining, a slope of 1 on 1.5 may be used unless there is probability 

* Seo also p. 538. ' 
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of the canal being emptied, with saturated material * back of the iiningv 
Where freezing may oceiir, the upper part of the lining should be made 
heavier and backed with free draining material. Slopes steeper than 1 
on IJ, generally require over a 2-in. thickness. Thicker linings with rein- 
forcement are required in unfavorable places — swamps, fills, etc. Linings 
should contain provisions for expansion. In mild climates, thin linings have 
been used successfully. Gage Canal, near Riverside, Cal., 20 mi. long, has a 
lining J in. thick; in service 10 years.^c On the Umatilla project, l|-in. 
thickness has given satisfactory results. Etchverry2d cites a 3-in. lining as 
eventually more economical than a 2- in. One- to two-in. linings have proved 
successful where frost action is not severe.^^ Oiling has been tried in Califor- 
nia and India. 


FLOW-LINE CALCULATIONS 


Critical depth is that depth of flow at which the moving mass is in unstable 
equilibrium, and seeking either a higher or lower stage. It is that stage at 
which velocity head equals \ depth, or, expressed otherwise, is that depth at 
Y'i 

which depth + q has the minimum value. Obviously it is independent of 

values of Kutter’s n. The plotting of the critical depth on profiles is a helpful 
guide in clioosiiig successive values of depths in cut-and-try calculations of 
flow. The flow line intersects the line of critical depth only at points 
where a break in grade, or other obstruction, causes a sudden change in veloc- 
ity head. In passing from a low to a high stage, unless the waterway is 
properly proportioned, a hydraulic jump is liable to occur. Velocity at 
critical depth is termed critical velocity.’*' 

Caution in Use of Formulas. For the practical application of any formula 
to an important jnew case, the engineer should always consult actual 
gagings, approximating as nearly as possible to the new case, whenever this 
can reasonably be done. Records of gagings arc published in Ganguillet and 
Kutter (Hering and Trautwine’s translation, Wiley, 1888); in Fart IV. 
Technical Reports, Miami Conservancy District (I. E. Houk), 1918; and in 
Hydraulic Flow Reviewed,” by A. A. Barnes (Si)on & Chamberlain, 1916). 


Kutter’s Formula for Uniform Motion, t The engineers of Miami Conservancy 
District, after study of all formulas for open-channel flow, concluded that Kutter’s 
formula is the best at the present time; and that it is based on essentially correct 
principles.® It may be used for channels, pipes, and (jonduits. 

1.811 0.00281 


V = 


41.6 + 


+ 


S 


1 + ( 41.6 + «) 


Vr 


y/RS 


n 


hydraulic radius. S = slope. V = velocity, n == effect of roughness of 
channel. . 

n « 0.009, for well-planed timber evenly laid. 

O’OlO, plaster in pure cement; glazed surfaces in good order. 

0.011, plaster in cement with one-third sand; iron and cement pipes in good 
order and well laid. 

♦ Horton*® distinguishea botween this meaning and that of Reynold's (where flow changes t^xi^ 
to turbulent), or Kennedy’s (Proc. Inst. C. E., Vol. 119, 1896, p. 287), where silting oraoo^^ , 
tng. action is impending. 

t For orodii^ velocities in unlined channels, see p. lUo. / 
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0 . 012, unplanecf timber, evenly laid and continuous. 

0.013, ashlar masonry and well-laid brickwork; also the above when not 
in good condition nor well laid. 

0.015, canvas lining on frames;*' brickwork of rough surface; foul iron 
’ pipes; badly jointed cement pipes. 

0.017, rubble in plaster or cement in good order; inferior brickwork; tubercu- 
lated iron pipes; very fine and rammed gravel. 

0.020, canals in very firm gravel; rubble in inferior condition; earth of even 
surface. 

0.025, canals and rivers in perfect order and regimen and perfectly free from 
stones and weeds. 

0.030, canals and rivers in earth in moderately good order and regimen, 
having stones and weeds occasionally. 

0.035, canals and rivers in had order and regimen, overgrown with vege- 
tation, and strewn with stones and detrit us. 

0.060 to 0.10, not uncommon for river channels.® 

For other values, see Dept, of Agri. BidL 194 (1915), 376 (1920) and 
852 (1920) by F. C. Scobey; Bull. 832 (1920) by Ramser; and Catalog of R. 
Hardesty Manufacturing Co., Denver. 

Algae growths increased n from 0.012 to 0.014 on the concrete-lined Tieton 
canal. Insect larvae clinging to sides, with velocities as high as 9 ft. per 
sec., have decreased capacities.® 

Rock Channels, In 1908, J. C. Stevens® made rating of Umatilla River, 
Ore., where flow is over water-worn basalt rock, free from silt, sharp corners, 
and jagged edges. Values in Table 71 were derived from rating curve. 
Stevens suggests no less a value than n = 0.035 for unlincd canals in newly 
excavated rock. 


Table 71. Gaging of Flow in Water-worn Rock Channel 

»> 


Gaf^e height, 
ft. . 

Area, 
sq. ft. 

Mean vcl., 
ft. per sec. 

Diachar^, 

Slope 

— 

Hycl. radius, 
/eft., 

Chezy, 

C 

Kutter, 

n 

4 

325 

4.24 

1,380 

0.00435 

1.87 

47.0 

0.0340 

5 

505 

5.86 

2,960 

0.00415 

2.77 

54.7 

0.0323 

6 

688 

7.14 

4,910 

0.00395 

3.70 

59.0 

0.0316 

7 

875 

8.35 

7,300 

0.00375 

4.58 

63.8 

0.0305 

8 

1,065 

1 9.58 

10,200 

0.00355 

5.46 

68.8 

0.0294 

9 

1,255 . 

10.43 

13,100 

0.00335 

6.32 

71.7 

1 0.0286 


Ramser^s found values of n = 0.0385 to 0.0420 for rough rock channels 
excavated by explo.sives. 

Chezy Formula applies to both pipes and open channels. V — C y/lUy/S. 
V = velocity, ft. per sec.; li = hydraulic radius, ft.; »Si = slope = sine of 
angle water surface makes with the horizon. C has the value of the bracketed 
factor in Kutter’s formula, p. 271. Values of C for various values of Kutter’s 
n, R, and S are given in Trautwine’s “Engineers’ Pocketbook,” and in King’s 
“Handbook of Hydraulics.” Kutter’s expression for C is empirical and 
should be used with caution, keeping within limits based upon reliable data, 
On the circular concrete-lined Catskill aqueduct with R = 3.5 and S = 0.022, 
: tests indicate values of C from 135 to 155. A value of 125 was basis of design. 
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Calculations for steady, non-uniform flow,*t constant quantity through 
a channel having cross-sections of various areas and shapes. In any reach of 
constant cross-section, water-depth will be constant, but it will differ in reaches 
having different cross-sections. Introducing 10,000 into the numerator and 
deimminator of Merriman\s formula^® to obviate awkward decimals, and calling 
\/2g = 8, we obtain: 


Q = 80,000 


<10,000 16,000 . 1)44,000 X Lx 


in which 


h — drop in ft., of water surface, in distance Lj ft. 
Dd = average depth at downstream section. 

Du = average depth at upstream section. 

Au — area at upstream section, sq. ft. = Du X Wu 
Wu == average width at upstream section. 

Wd = average width at downstream section. 

Ad = area at downstream section sq. ft. = Dd X Wd 
C “ Chezy’s average value. 

*P = wetted perimeter at average area, ft. 

A — average area, sq. ft. 

Q = quantity, cfs. 


The quadratic form of this equation J indicates that there are two values 
of depths (or areas) which may satisfy it. To choose the proper depths in the 
initial downstream section for a channel where no sharp break in bottom slope 
occurs, plot a curve with Ad constant at, saj’^, A'di and, for various assumed 
values of Au, compute values of Q. Plot these to abscissa scale of Q and ordi- 
nate scale of Du', obviously this curve* Vill be either tangent or asymptotic 
to ordinate representing level water surface, {h = 0). There will be one point 
only on this curve, the vertex, where but one value of the depth satisfies the 
equation. Likewise take a second value of Ad, and for assumed values 
of plot a second curve of Q. (Caution: If Au is not taken sufficiently 
large, Q becomes imaginary.) If these curves are properly chosen, the vertices 
will fall either side of the value of Q (say Qi) for which channel is to be designed. 
A curve (an envelope curve for level invert)* drawn through these vertices, 
is the locus of the single values of that satisfy the equation; the point where 
the envelope curve intersects the specified value for Q indicates the proper 
values for Du and Dd', Dd is read by interpolation. Proceed similarly for 
next section upstream, using previous values of Du and Au SiS Dd and A/), 
respectively. Assume values of Du, until equation is satisfied that Q has the 
specified value. 

♦ Backwater calculations arc the reverse of these. 

fSee also analysis by Babbitt, E. N. R., Deo. 21, IP22, p. 1067; Husted. E. N. Apr. 24, 
1924, p. 719; and Hill, E,N B., Apr. 19, 1923, p. 707; the last is applicable to drop-down curves in 
sewers. 

t Note that this equation takes account of the difference of velocity lieads by means of the first 
'two terms In the denominator; and that the third term (always positive) represents friction, and 
that it may be enlarged to embrace all other losses. 
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Allowances for other losses of head, due to changes in section, admission 
at sides of streams with different angles and velocities of entrance, changes in 
quantities, etc., should be made as follows: 


Change in section = between 


(Fi ~ . 


2g 


and zero, according to design. 


F2 


Entrance of stream at side == between and zero, according to design. 

Fi^ Fz^ 

Change m quantity = — 2 ^ ‘ 

F2 

Starting loss = 

1 F2 

Loss due to entrance at upper end of canal == 0 to 

Hydraulic Jump.’*' (Formula deduced by Tin win ; also by S. M . Woodward 
in Miami Technical Reports^ Part III, 1918.) 


ft- -”■+ 


V-- j- + 4- 


Where 


Di — initial depth of stream, ft. 
Di = final depth of stream, ft. 

Fi = initial velocity, ft. per sec. 


Extremely high jumps tend to be unstable in position and action. A method 
of locating is given by Julian Hind, E. N. R.^ Nov. 25, 1920, p. 1034. 
Hydraulic jump may be expected wherever an obstruction to flow, such as 
a break in grade, exists, if Fi exceeds \/ gbi; it occurs only when D] is less than 
the critical depth. ^‘If investigation of a projiosed channel indicates the 
depth may be at or near the critical, the shape or slope of the cliannel should, 
if practicable, be changed to secure greater stability.* Usually the critical 
velocity can be changed by widening.or narrowing the cliannel, or the normal 
velocity by altering the slope. If such changes are not practicable, liberal 
freeboard should be allowed, and extreme care should be used in construction 
to secure uniformity in grade and cross-se(;tiori.”27 

Absorption of High Velocities. Ewaldzi proportion(»d stilling pools for 
Cheoah dam and Narrows dam on Yadkin River as follows: 

Minimum depth ~ ^ 

Minimum depth is measured above same datum as />„. !)„ is depth of flow 

in channel at entrance to pool ; F„ is velocity at the same point. 

The minimum length to absorb bottom velocity, F„ =1.2F„V2p Xl.35. 
Width of pool need not exceed width of channel, but should not be less. 

Mean Depth or Mean Radius .12 The mean depth of water is expressed 
usually as ^'mean depth for rivers, and as ^‘mean radius for artificial chan- 
nels. There is a difference, sometimes of moment, between these two expres- 
sions. Applications of formu4s, therefore, should take due account of it. 


*See iJao ‘‘Finding Critical Depth”, by, Bailey, E. N. ll., Nov. 
Energy IiOSt in Hydraulic Jump'*, E. N, K, June 4, 1925, p. 938. 


12, 1925, p. Sid; “Determining 



OPEN CHANNEI^ 


276 


Comparison of Mean Depth and Mean Radius 

Mean depth = = 3 0 

Mean radius = — = rn = 1-2 

Wet penm 10 

Mean depth = = 2.0 

Area 12 


Mean radius = 


Wet peiim 10 


= . 7 . == 1.2 




Hydraulic elements 

bectioan | 

C 

I) 

E 

r 

All 


Length, ft 

640 

120 

220 

1075 

2066 

Slope 

0 0014 

0 0017 

0 0027 

0 0017 

0 0018 

Average depth of water, ft 

4 00 

4 10 

4 02 

3 96 

3 97 

Mean area, sq ft ' 

Mean hydraulic radius, ft 

28 05 

29 90 

29 10 

28 50 

28 64 

2 13 

2 18 

2 17 

2 11 

2 13 

Quantity, cu ft per sei 

Velocity, ft. per sec 

7 1 

0 S 

() 9 

7 1 

205 

7 2 

Chezy^s C (page 205) 

129 

114 

90 

119 

117 

Kutter*s n 

0 0132 

0 0149 

0 0189 

0 0142 

0 0146 


Gagings in a Concrete-lined Channel, Umatilla Project, U. S. Reclama- 
tion Service, Results in Table 72. The chaniul se( tioii is seiniciieular, 9 8 
ft diam ; ultimate capacity, dOO cu ft pei see The four sections tested make 
up the mam canal, entry and exit curvets being omitted Sections D and E 
are curves of 50-ft and JOO-ft ladii, which caused grexat disturbance of flow. 
Sharp curvature canr^it be introduced into canal almement at such frequent 
intervals as will lead to the overlapping of the backmg-up effect, thereby 
inducing an actual net loss of head 

Surging in Open Channels. Surges m Ticton canal (8 ft. 3 in. diam., 
semicircular, concrete lined), seemed to obey no definite hydraulic law. With 
a maximum flow of 271 cii ft pen sec , on some 75-ft stretches, water would 
be 3 ft deep, on othei similai tangents, 5 ft deep. E G Hopson thinks that 
the canal was constiuctc'd with too rigoious a contiaction at the headwoiks; 
at certain points variations m dc'pth *ind velocity could not be explained by 
almement or cpiality of the woik Points of t*Urmoil occurred at about 200-ft. 
intervals, regardless of (ui\e or tangents, being somewhat more noticeable 
on tangents. In addition, theie were traveling surges, 6 ft higher than the 
surrounding water, which woiked slowly downstream, beginning at a point 
where the depth was 4 ft , with quantity of 200 cu ft per sec. On curves, 
the water often heaped on the inside edge. The velocity was high enough 
to start a 25-lb. stone downstream. A velocity of 11 ft per sec. caused waves 
of considerable size on uniform slopes. J. S. Conway believes that points of 
turmoil are generally caused by small irregularities in almement and grade and 
traveling surges by loss and recovery of hydraulic equilibrium. H. F. Dun- 
ham believes that irregularities in the water surface may be to some extent 
explained by Spencer^s Law of Rhythm.^ ^ 
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Curvature Effect. Centrifugal action causes the piling up of water at the 
concave shore. ^ approximation* of difference of level at the high side and 

= channel 


V% F2 

at the center = 2 ^ j which = average velocity head; b 


width; and R = radius of curvature of center line. Eddy concludes^z that 
where Kutter's n = 0.025 for a straight channel, values of 0.028 to 0.030 
should be used where the curvature is considerable. 


Table 73. Maximum Mean Velocities Safe against £rosion2b 


Matorial j 

Mean veloenty 
in feet 
per second 

Very light pure sand of quicksand character 

Very light loose sand 

0.75 1.00 

1 00 1.50 

1 .50- 2.00 

2.00 " 2.50 
2. 50- 2.75 
2.75 3.00 
:^00 ' 3.75 

4.00 5.00 
5.00- 6.00 

0.00- 8.00 
10.00-15.00 
f 5. 00 20.00 t 

Coarse sand or light saiidv soil 

Average sandy soil 

Sandy loam 

Average loam, alluvial soil, volcanic ash soil 

Firm loam, clav loam 

Stiff clay soil, ordinary graved soil 

Coarse gravel, col)l)les, shingles 

Conglomerates, cemented graved, soft slate', tenigli hardi)an, se>ft 
sedimentary rock 

Hard rock 

Concrete 



t In spillway channols, TiO ft. is not uncominon. 


Inlets and outlets connecting canals to flumes or '^siphons” should be so 
proportioned that the loss or restoration of velocity head is accomplished with 
minimum disturbance. Books on irrigation should be consulted for these and 
other structures, improved in irrigation pra(*tice. 

Regulating Dams. Dams in the Wachusett open channel (Metropolitan 
W. W., Boston) for regulating velocity and providing for drawing water from 
beneath ice have been satisfactory. •*VVith low vehxnties (less than 4 ft. per 
sec.) gravel affords sufficient protection for the banks, l)ui shoving of ice mars 
the water lines so that for appearance they need to l)o restored each spring. 
Depths of water flowing over such dams should be kept low; this frequently 
necessitates length of crest greater than width of channel; by building the 
dam in form of arc or V, extending upstream or downstream, any desired crest 
length can be obtained. Sluiceways controlled by gates, below ice level, 
make conveniently possible th(» drawing of water without disturbing the ice 
sheet or causing ice jams. 

FLUMES 


Flumes were evolved to carry open channels across depressions, but have 
since been employed in other topography to eliminate earthwork, to afford 
closer control of leakage, and to provide a higher head for irrigation distribu- 
tion systems. 

Wooden flumes vary widely in size and in condition of service, conse- 
quently in details of design. Yellow pine is one of the best materials. Where 
single thickness only is used on sides, joints should be closed by battens 

♦ Formula derived by Prof. S. M. Woodward, Part VII, Technical Reports^ Miami Conacirvaney 
District, 1920. . 
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or by splines. Wooden flume sections are given in books on irrigation, 
and in E. AT., July 22, 1915, p. 172; also Sept. 14, 1916, p. 540. A successful 
design is shown in Fig. 117. To maintain tightness of joints and prevent 
decay of wood, flumes should be kept full of water, or at least thoroughly wet. 
If necessarily empty or partially empty at times, wooden flumes should be 
sheltered from hot sun and drying winds by an inexpensive roof and side 
sheathing. 

Semicircular flume of creosoted Douglas fir staves was built in 1923 for 
Central Oregon Irrigation Dist.23 Bids also taken for metal flume. . Diam. 
12 ft. Velocity 11.6 ft. per sec. After milling, staves are creosoted under 
S-lb. pressure. 




TPIank 'Hhm 
needed on 
outside of 
curve ix 
In rock trench of 
sufficient depth v 
cross sii/s :^f/ ^ 


rClWasher 



7"5pikes- 

Jench excav. abt. 6 "behn -ix lOxId'/g. 

sUf refilled with coarse kaf YP sills 

sand compacted oriamped SECTION 
under sill or equivalent B”B 


4x10 "SiU notched 


Coarse^ 



4”ckep forfxlZ’uprigihf 

SECTION A-A 


Joint he ahouf •* 
midrroy between cross si Us 


^ / ’Lumber except where otherm'se noted 


''Tflanking 


PART PLAN 


, 'Pn^hfs 

\ three S spikes to each ptank 

S’ Dimensions of lumber refer to width and 
thickness before dressing 


Fig. 117. 


Life of wooden flumes is short, although a box flume IS ft. wide for Central 
Oregon Irrigation District23 lasted 18 years. ^ 

Steel flumes, semicircular troughs of galvanized sheet steel (patented 
interlocking joints), supported by trestles of wood, structural steel, or rein- 
forced concrete* are made by several manufacturers, in stock sizes. Informa- 
tion on the Hess flume made by R. Hardesty Co., Denver, Colo. (Hess, 
Lennon, Maginnis, and Williams flumes), is given in Table 74 as more or less 
typical. From hydraulic viewpoints, preference should be given to a type of 
flume free from ridges or projections in the waterway. 

Experience of U, S. Reclamation Service with metal flumes is epitomized 
by Julian Hind, in E. N. R., May 25, 1922, p. 854. Their life may be placed 
at iO to 25 years when properly protected. Requisites for durability learned 
from 69 flumes on Uncompahgre project are:'® (1) proper proportioning 

♦ Beinforced-concrete trestle is shown in E, N. J?., May 15, 1919, p. 978. 
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of details; (2) metal thick enough to resist deformation; (3) thorough gal- 
vanizing;* (4) coating maintained; (5) sand and gravel trapped out; (6) pro- 
vision for temperature movement; (7) self-drainage. 

Reinforced concrete flumes may have rectangular cross-section wherein 
the side walls are designed either as cantilevers as on San Joaquin flume, Gal.^fi 
or as supported top and bottom as on King Hill project, Idaho,' ^ or may have 
a section conforming to the hydrostatic catenary, as at Brooks aqueduct.'® 
The advantage of the last lies in the fact that there is neither moment nor 
shear at any point.'® Gunite has been used, notably on King Hill project.' ^ 


Table 74. Flume Data and Sizes of Timber Substructures for All Sizes of 
Improved Hardesty Metallic Flumes 



t08 5 

120 6 


156 8 

168 8 
180 9 

192 10 
204 10 
216 11 
228 12 
240 12 
252 13 


71 0.16 
9 0.24 

11 0.35 

31 0.62 
71 0.99 
102 1.43 
2} 1.95 
61 2.53 
2 3.97 

9 5.72 

6 7.81 

li 10.17 
81 12.84 
4| 15.90 
0 19.24 
71 22.92 
3i 26.87 
lOi 31.12 
61 35.80 
21 40.69 
91 45.97 
5| 51.27 
1157.49 


2X 4 IX 4 IX 4 2X 4 9^ a 1 

2X 4 IX 4 IX 42X 4 lU a 1 

2X 4 IX 4 IX 42X 4 1 H b 1 
4X 4 2X 4 2X 4 2X 6 1 5 6 1 

4X 4 2X 4 2X 4 2X 6 1 10 c 2 

4X 4 2X 4 2X 4 2X 6 2 1 c 2 

4X 4 2X 6 2X 6 2X 6 2 5 tJ 3 

4X 4 2X 6 2X 6 2X 6 2 lOl d 3 

4X 4 2X 6 2X 6 2X 6 3 Oj d 4 

6X 6 2X 6 3X 6 3X 8 4 d 4 

6X 6 2X 6 3X 6 3X 8 4 92 e 5 

6X 6 2X 6 3X 6 3X 8 5 51 0 

6X 6 2X 6 3X 6 3X 8 6 1 6 

OX 6 2X 8 3X 8 3X10 6 92 / 7 

6X 6 2X 8 3X 8 3X10 7 42 / 8 

6X C2X 8 4X 8 3X12 8 OJ / 9 
8X 83X 84X 83X12 8 OJ / 9 
8X 8 3X 8 4X •8 3X12 9 4^ / 10 
8X 8 3X 8 4X 8 3X12 10 02 / 11 
8X 83X 84X 86X10 10 8 / 12 
10X103X104X106X10 11 41 / 13 
10X10 3X10 4X10 6X12 12 01 g 14 
10X103X124X126X12 12 f 15 
10X103X124X128X12 13 4 / 16 
12X123X124X128X12 14 0 /]6 


2 8J 3.44 
4 10.J ;?.44 

6 1 Oi 3.44 
10 1 33 7.1 

4 1 7.1 

8 2 OJ 7.1 
0 2 3J 8.27 
4 2 7 8.27 

0 3 3 8.35 

8 3 lOJ 14.2 
6 4 6 14.3 

0 5 IJ 14.4 
10 5 94 14.5 

6 6 5-4 17.2 
p 7 OJ 17.3 
tl 7 84 19.9 

6 8 5 27.3 
0 9 0 27.5 
0 9 8 27.7 
0 10 3129.9 


* For exceptional spans, 
t Stringers run between 
which flume is suspended, 
t a, 1 X 2; 6, 2 X 2; c, 


8 / 12 0 10 31 29.9 5.32 35,22 

4J / 13 0 10 111 37.7 5.7643.46 

Ot r; 14 011 71 40.2 9.33 40.63 

71/15 012 2H2.9 13.30.56.20 
4 / 16 0 12 104 48.0 14.2062.20 
0/Hi 6 13 64 51 .0 14.60 65 . 60 


.04 3.48 
.04 3.48 
.10 3.54 
.12 7.22 
.23 7.33 
.27 7.37 
.39 8.60 
.44 8.71 
.88 0.23 
1.03 15.23 
1.83 16.13 
2.00 16.40 
2.28 16.78 
3.33 20.53 
3.54 20.84 
3.99 23.89 
4.21 31.51 
4.43 31.03 
4.88 32.68 

5.32 35.22 
5.76 43,46 

9.33 49.53 


I12X12|3X12|4X12|8X12|H 0 i /l]6 6113 ojlol.O Il4 !60l65!6o| 

carrier beams are tru.ssed; see 32-ft. .span in E. N., July 20, 1916 n. 127. 
bents, outside of flume, and support transverse beams (carriers; from 

2 X3;d, 2 X4;.. 3 X 4; /, 4 X 4; «/, 4 X 6. 


Contraction joints are not always installed. San Joaquin Light & Power 
Corp,'6 used none on flume 2^ mi. long, 6 ft. wide, having walls 3 



Fig. 118. 


ft. 6 in. high; but reinforcing was pro- 
portioned so that nothing hut hair 
cracks would appear. "'No visible 
cracks to date^^ (1923), Jointless 
flumes' have a lower maintenance 
charge. Contraction joints were used 
on the reinforced concrete flume of the 
Northern Idaho and Montana Power 


Co., Big Fork, Mont. (10 by 22 ft* 


* IVo*. liac coating was required on Lethbridge project.** 
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in cross-section), open to the air. It was necessary to design the con- 
traction joints (Fig. 118) Watertight as the freezing of water in the joints 
under a winter minimum of --30®F. might cause spalling. A flexible copper 
covering was provided to permit movement as well as keep water out 
of the joint. An ordinary tongue-and-groove joint was used, reinforced to 
prevent breaking. The are of copper was of sufficient length, so that at the- 
lowest temperature, it would not be straight. The side of the copper next to 
the concrete was greased to prevent adhesion. The effectiveness is depend- 
ent on the adhesion of the ends of the copper to the concrete. Tests with 
18-oz. copper inside a standard briquette, 1:2 mix, 28 days old, gave the 
following results : 


Type 

Pull to break concrete 

Pull to break bond 
between copper and 
concrete 

Without copper 

240 lb. 


Copper, cleaned 

308 lb. 

364 lb. 

Copper, uncleaned 

346 lb. I 

431 lb. 


Approximately 2 sq. in. of copper was in contact; adhesion per sq. in. was 
215 lb. with uncleaned copper and 1S2 with cleaned.*® 

Bibliography, Chapter 13. Open Channels 

1 . Church: “Hydraulic Motors,” 1908, p. 217. 2 . “Irrigation Practice and Engineering,” 
(McGraw-Hill Book Company, Inc.,) 1915, Vol. 2. a, p. 124; b, p. 57; c, p. 147; d, p. 1.50. S. 
Agri. Exp. Sta., Berkeley, Cal,, Bull., 188, 1907. 4. Newell and Murphy: “ Principles of Irrigation 
Practice,” (Wiley, 1913), p. 47. 6. Part IV, Technical Reports, 1918, p. 30. 6. E. N., Apr. 29, 1915, 

p. 827. 7. E. N. R., .Tuly 25, 1918, p. 179. 8. E. N. R., May 6, 1920, p. 923. 9. E. N., June 8, 1911, 
p. 701. 10. “Treati.se on Hydraulics” (Wiley, 10th ed.), p. 346. 11. King and Wisler: “Hydrau- 
lics” (Wiley, 1922), p. 200. 12. T. A. C. E., Vol. 74, 1911, p. 401. IS. E. R., Oct. 21, 1911, p. 

480. 14. T. A. iS. C. E., "V^l. 71, 1911, p. 179. 10. Pyle, Reclamation Record, November 1920. 

IS. E. N. R., July 5, 1923, p. 21. 17. E. N. R., December, 1921, pp. 920 and 1014. 18. E, N., July 8, 

1915, p. 58. 19. E, R., Mar. 2, 1912, p. 240. 20.*E. N. R., Sept. 18, 1924, p. 477. 21. E. N. R., 
May 4, 1922, p. 748. 22, E. V. R., Sept. 29, 1921, p. 517. 23. E. N. R., Apr. 10, 1924, p. 012. 
24. Code, Bull 97. Arizona Agri. Exp. Sta., 1924. 25. E. N. R., Dec. 0, 1923, p. 936. 26. E, N, R,, 

Fob. 7., 1924, p 243. 27. Hinds, E. N. R. Nov. 25, 1920, p. 1037. 






CHAPTER 14 


AQUEDUCTS 
MASONRY AQUEDUCTS 

Terminology. The term aqueduct,” duct for water, is applicable to 
any form of closed waterway, steel, wood, reinforced-concrete, cast-iron or 
masonry conduits built in place, but it is commonly restricted to the last. 
Types are: (a) cut-and-cover, in open cut at hydraulic gradient; (b) grade 
tunnels, in tunnel at hydraulic grade; (c) pressure conduits, in open cut with 
top below hydraulic gradient; (d) pressure tunnels, below hydraulic gradient. 
Pressure conduits and tunnels are also designated ^'siphons” (because of shape 
of profile; they have no siphonic action). The types requiring reinforcing are 
tunnels in earth or poor rock, and pressure conduits; for the latter, metal 
pipes or reinforced concrete may be employed. 

Use. Masonry aqueducts are commonly used in connection with large 
gravity water supplies. Cut-and-cover type is cheapest and should be 
employed wherever topography permits. There is economy in keeping as near 
as possible to hydraulic gradient. At valley crossings, pressure tunnels or 
pipe lines arc substituted, and in crossing a divide recourse is had to the grade 
tunnel. Several lines of pipe of equivalent total capacity may cost much more 
than a pressure tunnel. Local conditions, especially ge/)logy, will determine. 
Pressure tunnels are ^‘permanent;” ^ pipes will deteriorate, although some 
kinds may have useful life of a century or more. Pressure tunnels have greater 
security in some respects, and are tighter. If full capacity is not needed 
immediately, there may be saving in first cost by adopting several lines of 
pipe, provided as needed. 

Capacity required* depends on demand and on quantity of storage near 
point of distribution. When Winnipeg aqueduct was projected in 1913, the 
district had a population of 225,000. The aqueduct is proportioned for 102 
mgd., equivalent to 120 gal. per day per capita to 850,000 people.* The 
nominal capacity of the Catskill aqueduct is 500 mgd., but it was designed to 
carry 603 mgd., to afford a factor of safety at times of excessive demand. As 
the life of an aqueduct is assumed much greater than a pipe line, it should be 
proportioned to meet demands in a more remote future. 

Profile. An economic study should be made to determine a size that will 
best fulfil the following conditions: (a) headworks arranged so that stored 
water may be drawn to lowest desirable level; (6) water delivered to city 
system at requisite pressure ;t (c) pipe line gradient to be as steep as possible 
(see also p. . 85). Condition (c) may be studied on a diagram for a given 
capacity by plotting slopes as ordinates and costs per foot as abscissas. 

♦ Applies also to Chap. 15. 

t At all rates of demand. 
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Costs should be balanced against value of storage sacrifice'll by raising outlet 
elevation at reservoir or against value of reduced pressure in distribution system. 

Slopes Used on Catskill AquedmL Pressure aqueduct, 0.0023; cut-and- 
cover aqueduct, 0.00021; grade tunnel 0.00037; steel-pipe siphons, 0.00068; 
pressure tunnels, 0.0006115 to 0.00073. Wanaque aqueduct was designed on 
basis of 2 ft. per mi. Slopes on Winnipeg aqueduct^ vary from 0.11 to 1.537 
ft. per 1000, average 0.57. 

Overflow weirs and spillways provide means for controlling the hydraulic 
gradient in flow-line conduits. If the quantity to be delivered exceeds the 
capacity of the section, the water backs up, filling the entire cross-section so 
that the capacity becomes even less, and section flows under pressure. Over- 
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Fi< 3. 119. — Catskill aqueduct. Standard types, open cut and embankment. 


flow weirs limit this action on Catskill aqueduct to 3 ft. head above the 
aqueduct arch. 

CUT-AND-COVER AQUEDUCTS 

Shape (see Figs. 119 to 123). Masonry aqueducts and similar conduits, 
unless reinforced with steel, are customarily built with approximately horse- 
shoe cross-section, on account of good hydraulic properties, resistance to earth 
loads, facility and economy in construction, and convenience in maintenance. 
Aqueduct inverts should be dished only enough for convenience in cleaning 
and draining unless dishing is required to form an arch to resist side thrust 
at bottom of walls from earth load or to take upward water pressure.* In 
very large aqueducts.it may be advisable to provide a level ledge on one side 
for a foot-way. In determining the thickness of inverts, allowance should be 
made for a few inches of concrete at the bottom, more or less mixed with dirt* 

* Pwtiouliirly .when aqueduct ie empty. 
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which will have but little strength, especially if placed directly on earth not 
very hard. The thicknesses of masonry in the Wachusett and Weston aque- 
ducts are thought to be about the minimum desirable for aqueducts of such 
size, character, and conditions.* 



Fig. 120. — Winnipeg Mquoducf . 


Settlement of the Winnipeg aqueduct i?i clay soil which had lower sup- 
porting power than assumed, caused longitudinal cracks up to $ in. wide, in 
first season^s work. Revised design widened the bearing area under the side 
walls in firm soil, and hea\nly reinforced the invert in compressible soils.^ The 
cracks were repaired by cutting out to a depth of 1.5 or 2 in., a pear-shaped 
section, and calking with neat cement. 



Fig. 121. — Wanaque aqueduct, type in dry loose earth. 


Economics* A cut-and-cover aqueduct should be so located that the 
excavated material is just sufficient for the embankment requirements. 
Earth cover of 3 ft. above arch was required on Catskill aqueduct and 4 ft. 
on Winnipeg. The economic depth of cut will vary with the slopes in cut and 
with the width of top and slopes adopted for embankment. 

* For Hartford aqueduct fiee En., Sept. 4, 1925, p. 290. 
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Masonry Aqueduct vs. Pipe Line. The economy in the aqueduct lies in 
its lower first cost and lower upkeep. It can be built of the materials of the 
region if suitable sand, gravel, and stone are found, and only the cement is 
dependent on commercial supply; whereas the price of cast-iron or steel pipe 
is determined by market conditions, freight rates, and other factors. The 
loss of carr3dng capacity with age is less in a masonry waterway than in one of 



In Loose tarth In Rock 

Fhj. 122. — Weston aqueduct. 

((inwlient, 1 on 12.50.) 


metal. A longer life, may be anticipated for the masonry. The balancing 
of cut and fill produces a structure above the natural surface, and requires 
culverts to take care of drainage and rights of way for highways and farm 
roads. Attractive plantings by abutting owners have met the complaint 
that the embankments are permanent eyesores. Aqueduct must be built 
full-size, whereas there is some economy in building a small pipe line first, and 
a supplementary pipe line when needed. 



In Loose Ecir+h In Compcic+ Ecarth In Rock 

Fio. 123. — Wachusett (Nashua) aqueduct. 


Mntorialg- The older aqueducts were built of stone or brick, the recent of 
concrete.’!' For Catskill and Winnipeg mix was 1:2:4; later practice as on 
the Wanaque for Newark regulates the mix according to the graded aggregate. 
On the new conduit for Washington, a constant cheek on water content . 
kept, and a nnininmim time for mixing is maintained. Tests by Bureau of 
Standards indicate a strength of 2500 lb. per sq. in. at 28 days for the concrete.; 

* CewhwJion methods vary widely. See many articles to entf neerin* presa (10^19121. ioA 
' ' For Winnipeg aqueduct, see M. N. J®., Apr. 19, 26,. and alar. ^ Ii917« ' 
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of the Washington conduit. On Winnipeg aqueduct, the sand and gravel were 
graded and mixed dry at a central point and delivered to mixers along the 
line, thereby saving 12 per cent, of cars.® 

Alinement. Experience in construction and operation of the Wachusett 
and Weston aqueducts (Boston) shows no practical objection to sharp curves, 
radius depending somewhat on size of aqueduct; a radius of 100 to 200 ft. 
can be used on large aqueducts. Curves should be standardized and limited 
in number of radii, and forms should be well made, for convenience and 
econom 3 ^ On Winnipeg aqueduct, curves were made up of 15-ft. tangents 
similar to steel pipe (see p. 331); 50-ft. radius was used.'^ 

Changes in Cross-section. Experience indicates no serious objections to 
changes in cross-section of an aqueduct, if made by transition pieces without 
sudden enlargement or contraction. Such changes are sometimes desirable 
to conform to steeper or flatter slopes, to secure economical construction in 
tunnels, or for depressed portions under pressure, as beneath railroads or 
highways, and in similar places. 

Culverts. Aqueducts and pipe lines liaving eml)ankments above the 
natural ground surface intercept the drainage of the region, which must be 
conveyed in flumes over the aqueduct or in culverts beneath. Where free 
drainage is not feasible, siphon or dive culverts are (unployed,^in which the 
outlet is lower than the inlet, and the middle is lower than either.* Means 
of access for cleaning must be provided. Culverts beneath large aqueducts 
should be of liberal size, none smaller than 4 sq. ft. area of waterway, prefer- 
ably of concrete or other substantial masonry, and smooth inside. Exi)erience 
indicates that culverts should not be fitted too closely to conditions existing 
when they are designed, since some culvert watersheds may later be increased 
in area by diversions, and others discharge more (luickly because improved. 
In any region in which urban or suburban conditions may be brought about 
in even a remote future, culverts shpuld be proportioned to care safely for 
very quick run-off. Place the invert of the culvert somewhat lower than the 
natural bed of the stream, to allow for future improvement of the stream which 
may lower the bed and increase the run-off. It is well to make culverts of 
such size and shape that they can be cleaned readily. For flows of ordinary 
occurrence, a velocity of 0 ft. per sec. should not be exceeded, in designing 
culvert openings, but occasional floods of 10 ft. per sec. are allowed so long 
as the channel leading away from the culvert is wide enough to reduce this 
velocity to the point of no erosion. With substantial paving between the 
wings of the culvert, and a short distance beyond, there would be no trouble 
from erosion. With velocities greater than 10 ft., the head at entrance 
causes an undesirable backing up of water. By selecting from list of coeffi- 
cients following, values which suit the character of the country, an area can be 
determined safely and still not unreasonably large. Studies show that the 
Kuichling formula gives very large results compared with others for which 
coefficients suited to the Croton watershed are. used. All formulas except 
Myer^s ,give curves of the same general shape. The Talbot curve (c » 0.3) 
strikes a fair average of the U. S. Geological Survey, Burkli-Ziegler, and ’Fan- 
ning curves for V * 8, and other coefficients can be selected to average those 

* See design in E. JV., Apr. 20, 1916, p. 766. 
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fol* other velocities. Culverts under Catskill aqueduct were proportioned 
according to Moore formula, velocities being limited to 60 ft. per sec. through 
the culvert; to date, areas of culverts have proved ample. 


COMPARISON OF RUN-OFF* AND CULVERT FORMULAS 

(a) For Culvert Areas Direct. Talbot: A = c^Da^. Myer: A = c\/Da 
(h) For Run-off from Drainage Area. Burkli-Zicgler . Qa == cRyj— 

^ Da 

44.000 

Kuicliling (Mohawk A'allcy) : Qm = jj — ijrYyQ (Cicneral) 

127.000 , ^ 

^ I (h.xceptionally 

heavy spring freshets) 

United States (leological Survey (for Eastern U. S.) ® 

_ 40,790 

7)„. + 320 

Fanning (N. E. and Middle States): 


Q - 200D„l Q„ 
1<\ Moore Qm 


200DJ 

D,n 

225 


A = Area of wate^\^a^^ in scj ft. Qm — Run-ofT in ^e(‘ f(. jiei sq. mi. 

Da = Drainage ai('a in acre's S = Average slope of ground, ft. per 

1000. 

Dm = Drainage area in s(| nn Q — run-off in sec ft 

Qa ~ Run-off m sec It ])er acre R = Rainfall in in. per hr. 

c = (\)efficient, as follows 


•• 

Myer. IIillv ground, 1 5 Mountainous and locky giound, 4. 

Talbot. Rolling agricultural country subject to floods at times of melting 
snow, and with length of valley three or four times width, Steep and 
rocky ground, | to 1. 

Burkli-Ziegler. (For run-off into sewers.) Paved streets, 0.75. Ordi- 
nary cases, 0.625. Suburbs with gardens, lawns, and macadamized streets, 
o.m.9 

Foundation Embankments, li^mbankments under Boston ^s aqueducts 
(Sudbury, 1878; Wachusett, 1898, Weston, 1903), have not settled perceptibly 
or so as to cause cracks. Slopes (I on IJ) of cover embankments have stood 
well. Weston aqueduct was built largely on embankment, thoroughly rolled 
in 4-in. layers of carefully selected materials. Banks stood 0 weeks or more 
before placing masonry. Some embankments are soaked by forming shallow 
pools on top when built to full In'ight. After such soaking, the embankment 
should be given ample time to drain free of surplus water and harden before 
building masonry thereon. The thickness of layers may be 3 to 6 in., 
according to materials, height of embankment, etc. Each layer must be 
very solidly compacted. The embankment should be built 2 ft. or more above 
* See also pp. 61 and 94. 
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final elevation, and the surplus excavated just before the masonry is built; 
The construction methods on Catskill aqueduct were similar. No perceptible 
settlements have occurred. 



Cracks may l?e caused by overstressing due to temperature or settlement. 
Longitudinal cracks from settlement were troublesome on Winnipeg aque({uci 
(see E. iV., Oct. 12, 1916, p. 716); other aqueducts have suffered transverse 
cracks, of a minor character, due to temperature. In Gatskill aqueduc^^ 
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transverse cracks have been observed m a few 75-ft sections but none in 60- 
ft sections. No cracks wider than 0 04 in were found in the Wachusett 
aqueduct. In winter, the cracks were cut out by an expert mason with a 
diamond-pointed chisel, to a width of J in , and a depth of li in and pointed 
full with Portland cement mortar Many parted again, but only so as to 
show an incipient crack at the surface So far as observed, these secondary 
cracks do not go deeper than J in , and no leakage took place 

Expansion (Contraction) Joints. Some engineers piefer to make no pro- 
vision for expansion joints, but to treat smh ciacks as may occur No 
expansion joints were provided in the Los Angeles aciueduct from Owens 
River Coppei sheets were used in Winnijicg aqueduct, at 45-ft intervals 


To be "billed /n cold vmafher 
when concrete ha& anserhesh 
contnach/on 



Invert jttjnts 


Fig. 125 — Lxpjinsion joints for cut- iu<l-( over aqiit ducts 
The metal for joints 3 to 'll int luhivt may bo oith< r mild 8t< f 1 or < opp< r • st( cl is suitable for joints 
3 and 4 where riu tal is comp irativcly thnk and topper is better for joints using thin imtal on 
accemnt of its non corrosive property and greater pliibility I tad which has been suggested for 
some of these joints does not ofTer suffn lent resistiuce todamige and displace me nt while depositing 
eonerete if of prae titablc thickness 

Joints 3 to 7 are applicable to the iiiv rt if used alone or in eombiiiition with a eonerete key 
All contact surfates between new and e Id eoiier tc at expuisi m joints to be eoattd with paint 
having asphalt or tar base 


Expansion joints commonly rtquiic some siulf piovisions as T ig 125 to pre- 
vent objectionable leak igo 

Hydrostatic tests on the newly coinjileted portions of Catskill at^ueduct 
showed that under seveie (onditious tonsideiable leakage may occur at the 
joints. Tongue-and-groove expansion joints weie used almost exclusively 
at first. As- the groove forms luid to be pulled in about 10 hr , due to the 
progress of the work, it was difficult to secure smooth sides and a true shape, 
which are essential if the tongue is to move freely in the groove. The small 
draw used m the tongue-and-groove joint, the relative narrowness of the 
tongue compared to depth, and the accidental skew of the bulkheads relative 
to the axis of the aqueduct, tend to cause a lock joint rather than a slip joint. 
Some tongues were found broken m cold weather. The consensus of opinion 

♦ l&EOt iron wa$ uaed on Nepaug aqueduct Hartford 
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was that the tongue-and-groove joint was not practical, although giving 
excellent results when carefully made. Hydrostatic tests showed that 
leakage may be expected through invert joints. Consequently, for water 
stops in joints between days' work in arch and side walls, and between 
sections of invert, steel bands about f in. thick by 6 in. wide, dipped or 
painted with asphalt, were adopted. Half the width was buried in the con- 
crete first cast. Joints which opened were treated experimentally in many 
ways. The method adopted as simplest and most effective was to point the 
face of the crack wnth Portland cement mortar, and after this was hardened, to 
grout the space back of the pointing through a small pipe nipple, set near the 
bottom, using a small hand force pump (Douglas). In some cases, the joints 
w’ere raked out. Grout was poured sometimes instead of being pumped. 

Lead water stops did not prove wholly effective, and are not deemed 
worth the trouble and expense. An L-shaped joint smeared with asphalt, or 
some similar device, would probably be better than lead water stops. 

Treating joints when open in cold weather gives the best results. Cement 
grout, lead wool, lead wire, hot tar, iron filings and sal ammoniac, oakum 
treated with pitch or asphaltum, or dipped in grout, all have been used. That 
leakage from masonry aqueducts cannot be wliolly prevented is evident from 
universal experience. Although small (piantities of silt, etc., carried in the 
water may reduce the leakage, even after many years some leakage still 
occurs, as can be seen by examining the older aqueducts. Careful construc- 
tion can keep the leakage small. Ex|)ansion joints and cracks should have 
special treatment (pointing, calking, etc.) before the a(iueduct is put in 
service, and subsequently, if necc?ssary. Where the ground water is relatively 
high, the leakage may be inward. 

The maximum opening for expansion joints will be determined by the 
range in temperature between tlie maximum reached' during the placing of 
the concrete (95° ±F.) and the rninir^jurn subsequently reached (36° or low'er). 
Weekly readings of water at the inlet and at the ISoth St. gatehouse of the 
New Croton aqueduct, 1913 and 1914, showed a maximum of 74° and a 
minimum of 33°. Temperatures in 1923, of water drawm from an 
average depth of 75 ft., ranged from monthly average of 67° to 38°. Surface 
temperatures in Wachusett reservoir in 1923 ranged from 71° to 33°, while at 
107 ft. depth, range was 60 to 35°. The extreme minimum in Catskill aqueduct 
is estimated at 36°, and the average minimum, 40°. The water temperature 
may reach 70° in summer, and will probably average 65°. Of course, local 
climatic conditions, size of conduit and depth of cover will affect these tem- 
peratures. For temperatures in Winnipeg aqueduct, see J. A, W, W, A„ 
Vol.7,1920,p.702. 

Temperature of water tends to change on Apulian aqueduct^Q at exposed 
crossings. To lessen this, an air space was inserted between aqueduct wall 
and parapet, and top of aqueduct covered with earth. 

Forms. On Catskill aqueduct collapsible steel forms of Blaw, Ransome, 
and other makes were employed. The tendency at first was to make the 
forms too light, with poorly fitting joints (see Fig. 119, for section of this 
aqueduct). The greatest horizontal movement in the inside forms occurr^ 
about 10 ft. above the invert, and in some cases amounted to 0.02 to 0.14 ft-> 
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depending on design. The maximum displacement at the top was about 
0.15 ft., with an average of about 0.03 ft. The displacement depends directly 
on the head of fresh concrete. Several factors, aside from stiffness, affect the 
movement of forms: (1) character of the interior bracing; (2) type of aqueduct; 
in '‘firm earth type, there is no support of the outside forms in the lower por- 
tion ; (3) weather conditions ; in cool weather, concrete sets slowly, increasing 
the hydrostatic pressure of liquid concrete; (4) the length of arch concreted 
and the number of batches of concrete placed per hr.; the more rapidly the 
forms are filled, the greater will be the pressure and deformation; (5) the 
number, size, and position of stay-bolts between inside and outside forms. 
A light form, properly braced, gives a good aqueduct section, but will not 
stand handling. 

The removal of the bulkhead of forms was expedited by some contractors 
on the Catskill aqueduct by the aid of a simple steam coil in the bulkhead, 
kept warm over night, thus accelerating the hardening of the concrete. Com- 
bined air and water jets under pressure were found very effective in cleaning 
forms. Steam jets hastened the drying of forms after cleaning. After the 
removal of all forms, all bolt holes through the concrete, if any, must be 
thoroughly filled with mortar; a little mortar plug will not do (see "Concrete 
Forms for Catskill Aqueduct,^’ by Alfred D. Flinn, J. A. Concrete Inst., 
June, 1915). 

AQUEDUCT BRIDGES 

Cabin John Bridge, a stone arch of 220 ft. span, carrying Washington aque- 
duct over the run, was built in 1863. The conduit is 9 ft. in diarn. Owing 
to the extension of the reservoir system, the crown of the conduit is now under 
2 ft. head. The original dcptli of water being 7 ft., the upper segment of the 
arch was not plastered. Leakage became so great in 1905 that the remainder 
of the joints were pointed, remedying^ 90 per cent, of the leakage. The 
remaining leakage came from temperature cracks caused by the unequal expan- 
sion of the two sides, the axis of the bridge lying nearly due east and west. 
These long temperature cracks lie in the lower quadrant of the conduit on 
north side of the bridge. The unecpial expansion has opened the brick rings 
of the conduit along lengths of cracks, and the upper quadrant is moving over 
the lower at a rate of I in. per yr. The remedy is a segmental cast-iron lining, 

S ft. 6 in. diarn. t 

Assabet Bridge, Wachusett aqueduct, has a length of 359 ft., composed of 
seven granite arches (one over road and six over a mill pond), with spans of 
29.5 ft.; height of the crowns above pond, 17 ft. The lower half of the aque- 
duct on the bridge has the same form as at other places, but the upper part 
has vertical walls, roofed with I-beams and brick arches, instead of the semi- 
circular arch. A lead lining was provided to prevent leakage from the aque- 
duct where it crosses the bridge, and it was absolutely watertight, -winter and 
summer, for a number of years. The lead weighed 5 lb. per sq. ft. ; came in 
sheets 16 ft. long and 9 ft. wide. Sheets were burned together without solder. 
To insure the permanence of the lead and make satisfactory work, the bottom 
and kides of the aqueduct, against which lead was to be placed, were smoothly 
plastei^ i in. of Portland cement mortar, and then coated 
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asphalt. After the sheets of lead had been put in place, and burned together, 
they were covered with a thick coat of asphalt; then an 8-in. brick lining 
was put on. To protect the top of the bridge from weather, to prevent rain 
from soaking into the masonry, and to make a suitable finish, it was covered 
with granolithic, laid on two layers of roofing felt coated with coal tar.* 
Wellesley Arches and Echo Bridge of the Sudbury aqueduct were lined 
similarly to the Assabet Bridge, but not for full height, as it was not feasible 
in the upper part. The remedy has been effective; it was applied after many 
years of annoyance from leakage and freezing. Echo Bridge, carrying Sud- 
bury aqueduct across Charles River, leaked badly at haunches after 35 yr. ; 
nine semicircular arches, 22 ft. 4 in. radius, carry brick aqueduct of horseshoe 
section, 9 by 7.5 ft. Cracks were found about 2 ft. either side of center line 
on invert, and directly over joints in roof stones of drainage gallery beneath. 
To remedy leaks, wetted perimeter was lined witli sheet lead, yV i 
thick, weighing 3.5 lb. per sq. ft. Lead was procured in 14-ft. squares and 
connected by oxyhydrogen flame to form continuous lining. On invert, 
li-in*. floor was laid on lead, composed of 1 Portland cement to 2 parts pea 
gravel, reinforced with No. 26 expanded metal, finished with granolithic 
surface of 1:1 mortar, in. thick. Floor was vented by holes spaced 4 ft. 
apart, to prevent floating .12 xjp to 1925, the leakage hay ‘‘not been 
trouble.some.” 

Sunol aqueducti is (;arried by a reinforced (;on(u*otearcli of the open spandrel 
type. 


AQUEDUCT TUNNELS 

Shapes. Most contractors prefer to exc.avate a tunnel to rectangular 
shape; but horseshoe type is better adapted to withstand external heads. 
When driving a tunnel through rock of horizontal t’tratificatioi\, rectangular 
shape would leave a slab of rock self-sup] )orting until lined, while horseshoe 
type would cantilever out horizontal layers in arched roof, giving more safety. 
For tunnels under hydraulic pressure, circular cross-sections are usually 
necessary. 

Excavation Methods. f Methods have changed radically in last few years 
due to introduction of pneumatic hand drills. Formerly, when trimming 
had to be done by hand and was expensive, it was good practice to set heading 
holes well outside neat line to def away with trimming. With jmeumatic hand 
drills, trimming is greatly cheapened; it is now good practice to set main holes 
closer and’ do a great deal more trimming, resulting in much more accurate 
excavation (diminished breakage), with correspondingly reduced quantities 
of masonry. In event of excess breakage, backfilling must be done with care 
to prevent subsequent ground movements. After 50 years, a cave-in occurred 
at Natick on Sudbury tunnel, presumably due to decay of the permanent 

timbering.'^ 

Rate of progress varies with type of plant and geological conditions. On 
Catskill aqueduct, the average of all headings was: Rondout tunnel 183 ft* 

* Leakfi are not troubleaotne now (1025 Report), but additional waterproofing will be peoaaia^y 
later* l, . 

t For further discujHiion, see Peele’a “Mining Engineer’s Handbook” (Wiley, 101S), aiid 
^/atandard works. 

:^.;v;>':'^MiJVanoisco. 
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per month in hard rock and 265 ft. in soft rock; Wallkill, 312 ft. in soft 
Moodna, 193 ft. in hard, and 227 ft. in soft; City tunnels, 175 ft. - 

Shafts in Rock.* Circular shafts are no more difficult or expensive to 
sink than rectangular of same size. Long rectangular shafts are easier and 
cheaper to excavate, due to larger quantity which can be taken out as bench, 
except that corners are expensive and troublesome. Circular shafts are 
free from corner difficulty and, yard for yard, often cost no more than rec- 
tangular. Elliptical shafts are better than either, having advantages of both; 
are of good section to sink through soft, water-bearing ground as they resist 
hydrostatic pressure well. Circular shafts are best for waterways; they 
were used extensively on Catskill waterworks of New York City. 

Grade Tunnels. Ground-water Admission, Catskill aqueduct grade 
tunnel linings are not designed to resist external water pressure; excepting at 
a few places where quality is objectionable, ground water is admitted freely 
by venting underdrains and by building weepers into side walls. Design is 
based on assumption that ground-water head will exceed head of water in 
aqueduct except at portals, where tunnels are made tight and stronger. 

Pressure Tunnels. Relation of Depth of Cover to Hydrostatic Pressure 
Head, New Croton aqueduct, ratio of depth of cover (rock and earth) to 
pressure he^^d varies from 0.572 to 0.703. On Catskill afiueduct, New York, 
minimum allowed rock cover is 150 ft.; maximum unbalanced bursting ‘pres- 
sure, 420 ft.; maximum external hydrostatic pressure, tunnel empty, 1100 
ft. (Pludson River crossing); maximum 
depth below hydraulic gradient, 1500 ft. 

(see Table 76). 

Concrete lining, Catskill aqueduct, has 
various thicknesses, see Table 76, corre- 
sponding to various diameters and heads. 

These thicknesses represent the distaw^c 
from waterway to line. Rock is 

allowed to project 5 in. within this so- 
called ^‘C” line (Fig. 126), but no timber- 
ing left in place can project within it. 

This '*C'^ line was fixed 8 in. inside 
line, the line about which the excavation is 
averaged. This line was fixed from 
a study of breakage in existing tunnels as 
an average payment line. Contractor is 
not paid for excavation beyond this line; 
all excavation and concrete are measured 
within this line. Concreting was done in five stages : (1) Placing invert, about 
6 ft* wide, upon which rails were laid for running the forms for remainder of 
circumference. (2) Placing walls of tunnel up to, or slightly above, center 
line. (3) Placing arch, excepting a 2.5-ft. key at crown, where concreting 
was most difficult. (4) Concreting key from end of form, or making closure 
by special device. Fig. 127, or other means. (5) Grouting the dry packing, 

♦ For further information see “Practical Shaft Sinking,” by Fraheis Donaldaon 
.npl'Bok^Coinpany, Inc., 1910). - . v; • r ' ' 



Fig. 126. — Concrete-lined pressur 
tunnel, Catskill aqueduct. 
(Diameters ll'0"to 16' 7".) 



Table 76. Pressure Tunnels for Water 

(Catskill Aqueduct pressure tunnels on p. 295) 
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if any, and all seams and voids behind the lining, first at low pressures and 
finally at high pressures. See “Grouting Operations, Catskill Water Supply,^' 
by Sanborn & Zipser, T. A. S, C, E,, Vol. 83, 1911>“1920, p. 980. Concrete 
lining on St. Louis tunnel was placed by compressed air; any voids behind 
lining (detected by sounding with a hammer), were grouted.'® The 3-mi. 
Cleveland tunnel (1916), is lined with segmental concrete blocks and grouted.'® 



Fig, 127. — Catskill aqueduct. One method of placing last concrete in key of 

tunnel arch at a closure. 

Leakage. Cincinnati waterworks land tunnel liad a leakage inward of 
10 gal. per min. for 22,250 ft,, or 3400 gal. })er day per mi.; later gagings 
showed 5800 gal. per day i)er mi., an increase of 70 per cent, in 8 months be- 
tween the first and last gagings. The leakage concentrated in 1100 ft. of tun- 
nel was at maximum rate of 117,500 gal. per day pc^ m4. Ix»akage outward 
varied from 10 to 42 gal. per min.; ipaximurn, 14,000 gal. per rni. per day, 
for the entire tunnel, or 290,000 gal. per day per mi. of tluj wet stretch. Maxi- 
mum outward leakage occurred under a head of 34 ft.; inward, under an esti- 
mated head of 75 ft. The outward leakage of 10 gal. per min. was obtained 
under a head of 23 ft. for the first test, and 33 ft. for the fourteenth test, 1 
month later. The reasons for the tightness of this tunnel are: (1) tightness of 
the rock, but 5 per cent, of which showed leakage before lining; (2) non- , 
absorbent and doubtless impermeable character of the brick used ; (3) the slow- 
setting mortar facilitated the complete filling of the joints; (4) exceedingly 
rigid inspection; (5) the large percentage of limestone dust probably made the 
concrete dense; (6) careful protection of the masonry from water during 
setting; (7) thorough grouting in wet ground. 

In the East Boston Subway tunnel, a l -|-mi. stretch leaked 25 gal. per min. 
(24, (KX) gal. per day per mi.) before grouting; 7 gal. per min., or 67(X1 gal. per 
mi: per day after grouting. 

Jersey City conduit, according to J. W. Hill27 showed a leakage during 
construction of 134,(X)0 gal. per day, or 154,000 gal. per day per mi., for Section 
1, of which 1600 ft. was a tunnel through shale and sandstone, and 3000 ft. in 
open cut. The conduit is concrete-lined, with an internal diameter of 8 ft 




Table 76. Pressure Tunnels of Catskill Aqueduct 

I ft I 1 Shafts 
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The *New Croton aqueduct tunnel had a leakage outward in 7 mi. under 
*130 ft. head of 225,000 gal. per day, or 32,100 gal. per day per mi. The 
leakage inward in 25 mi. of tunnel lined with brick (and concrete rubble in 
places) was 4 mgd. or 160,000 gal. per day per mi. 

Catskill Aqueduct Tests. The cut-and-cover aqueduct between Fort 
Hill and Bryn Mawr siphons, 1.8 miles long, where conditions were not com- 
plicated by tunnel infiltration showed an outward leakage from 70,000 to 
150,000 gals, per day .28a 

Eoundout pressure tunnel, when standing full, with water at el. 440, 
showed an outward leakage of 60 to 400 g.p.m. Wallkill pressure tunnel, 
, with water at cl. 440, showed an outward leakage of 25 to 300 g.p.m. Moodna- 
Hudson-Breakneck pressure tunnel, with water at cl. 395, leaked outwardly 
800 to 900 g.p.m. 28 b 

City tunnel (pressure) between shafts 13 and IS, tested under pressure 
from Hillview reservoir, showed an outward leakage of ISO g.p.m. The 
portion south of Shaft 18, under same pressure, had an outward leakage of 

^62 g.p.m.28c 

Croton Lake pressure tunnel, wnth water at hydraulic grade, had an out- 
ward leakage of 0.11 cfs. (99 g.p.m.) to 0.04 cfs. (36 g.p.m.) per mile of 

tunnel.28d 

Silver Lake conduit, 4 ft. diam., 2800 ft. long, of which 1901) ft. had a 
reinforced concrete shell, under a pressure of 18 lbs. per sep in., showed a 
final outward leakage of 9.2 g.p.m. 28 e 

Hillview reservoir by-pass, under full reservoir head, showed an inward 
leakage of 104 g.p.m., in length of 2859 ft.28f 

Tunnels: Capacity, Lined vs. Unlined.* With two rock tunnels of large 
size and same slope, one unliiied would require twice the cross-sectional area 
of one lined with smooth masonry to carry same (piantitj' of water. 

Unlined portions of Wachusett rock (granite and diorite) tunnel have 
given little trouble since aqueduct h*as been in service* (1S9S). No large 
masses have fallen, but small quantities of chips are found on invert each 
time aqueduct is cleaned. Loss of head due to roughness of rock is great. 
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Fouling. Compensation must be made for the greater fouling of acjueducts 
near the head works. Observations show that a point exists, dow!istream 
from which fouling is practically constant. The fouling of Sudbury aqueduct 
extends downstream about 1000 ft., decreasing rapidly at first, and then more 
slowly; beyond 2 mi. from the head works, fouling is constant, f 

Experience on Cochituate aqueduct, Jioston (brick lining), is that deposits 
of slime and dirt allowed to accumulate give place to growths of spongilla, 
which after a year or two become hard, with long finger-like projections, form- 
ing serious obstructions to flow of water; maximum reduction of capacity was 


* Experiments with a depth of 3 44 ft in Beacon St tunnel, Boston, where 4362 out of 4614 
ft are without lining on the sides, show that, although the bottom is of concrete and reasonably 
smooth, the coefficient is 40 per cent smaller than for the brick conduit with the same hydraulic 
l^ean depth in the same formula. At no point is the rock excavation loss than 1 ft. outside the 
lines <>f standard brick section. Yet it required a greater inclination of the water surface to flow 
the same volume as the brick conduit. * • 

Sudbury diagram, B. N* E., June 30, 1921, p. 1132. 
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12.5 per cent. For Wachusett aqueduct,* Boston (brick lining below spring-? 
ing line, concrete above), 10 per cent, reduction in flow Was measured at end* 
of the first year, with coat of slime about in. thick, but no spongilla. New 
Croton aqueduct, New York (brick lining), after years^ constant use 
without cleaning showed a reduction in flow of 14 per cent. 

Freedom from Fouling of Concrete Lining. The deterioration in carrying 
capacity of concrete conduits is small, probably less than for brick. In 20 
mi. of cement-lined pipe taken up in Northern New Jersey, no instance of 
growth or deposit was found, the pipe being apparently as clean and free from 
slime as on the day laid. An examination in 1911 of the Jersey City concrete 
aqueduct built in 1903 showed the same characteristic, the bottom and sides 
being free from slime. 

Growths in Aqueducts and Canals. S. Fortier states that algae cause losses 
in carrying capacity altogether disproportionate to the cross-sectional area 
occupied; algae appear again shortly after being scraped off.f The Genus 
Oladophora, a long-fibered variety, causes most trouble in irrigation canals;, it 
is said to be related to Conferva Bornbycinum, which requires about 1 part 
copper sulfate to 1 million parts of water for extermination. This type does 
not seem to grow in darkness. In the concrete-lined canal of Arizona Power 
Co., tunnel portions were clean, while the canal portions contained algae 
growths, although velocity was the same in both. Growth might be dis^ 
couraged by painting concrete lining dull black,t for observations show more 
profuse growths on light surface than on dark. No ordinary stream velocity 
stops growths; alga) are not so numerous in silt-laden waters; water tempera- 
ture seems to have little effect 20 Organisms which lodge and develop in pipe 
may be animal or vegetable; they generally grow on the sides and the top, 
rarely on the bottom, as they appear to dislike the subsidence of fine silt apt 
to occur when the velocity is greatl}^ reduced. Polyzoa, spongilla, algse, and 
fungi are found in dark chambers of reservoir gate houses and in conduits and 
distributing pipes, but in the latter are usually restricted to the vicinity of the 
source or reservoir. In some cases, these growths are found in pipes several 
miles from the head. 

Cleaning Aqueducts. Wachusett and Weston aqueducts were formerly 
cleaned about once a year, and Sudbury twice, restoring the flowing capacity 
to within 2 or 3 per cent, of that when first put into service; the decrease in 
capacity becomes about 10 per cent, by end pf year .21 

Unwatering aqueducts below the hydraulic gradient is accomplished by 
centrifugal pumps in floats, which pump their way down specially constructed 
drainage shafts, § by sinking pumps used in mining, and by air-lift, as at St. 

Louis.23 


AQUEDUCT APPURTENANCESII 

Plug Drain Valves for Chambers. For drainage, gate, and other chambers, 
6-in. valves, with rubber plugs and rising stems have proved satisfactory; 

* S©e Fiff. 123i p. 283. * •. jj 

t C. W. Sherman dissents; ‘‘Organic growths — either fungi or animal forms classed as Protoso||P' 
—undoubtedly cause such losses, but not algse.’* 
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iron guides should not be used for the plug; they rust so badly that the disk 
cannot be lifted. A non-rfoing stem necessitates a hole through disk, and if 
the screw threads do not fit perfectly, leakage results. ^ 

Screens* are necessary where a surface 

< waterwar > supply is used. Screeiis should be placed in 

chambers, giving access for removing accumu- 
pj<'Fier$^ Pi lations before they become serious obstructions. 

....... A , . .IJ -j-.-. Clean screens of ample area cause no loss of head. 

^ oastiugi ^ ^ ^ Clogged s(;reens will be torn out if of fine wire. 

Z c ^ automatic alarm to signal when screens 

becoiTie SO cloggcd as to cause a loss of head 
I^Pier M M which threatens to break them can be easily 

^ devised. A concrete-lined channel, 24 in. deep, 

Full Llnci ibow Normal Poiition. ' ' ^ 

AUernato Fositioa. Screens in Buya at the bottom of SCrOCllS SCl'VeS aS a Saud trap. 

o,2.6.4.c.c. ^ general arrangement at headworksis: Guard 

.^arrangemenrof by outside racks of metal or wood 

bars, set edgewise 4 to 0 in. apart, to prevent 
larger objects from entering; inside the chamber, pla(te coarse, copper screens, 
about 1-in. to l|-in. mesh, to remove leaves and larger fish; finally guard 
entrances to pipes, pumps, or filters by screens having 4 to G , meshes per 
iti., arranged to be frequently removed and cleaned. 


Full Llnci show Normal Poiition. 
Alternate Position, Screens in Bays 
a,2.&.4.c.6.(2 

Fig. 128. — Re-entrant bay 
it arrangement of screens. 


^ and Back, 
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SCREEN. 

Fig. 129.— Catskill water supply, New York City. Screen and lifter. 


Screens should be in duplicate in each passageway, where complete guard 
fi required, so that onie set can be placed before the other is removed for 

^ AteoChm?. 5, pp. 81, 82. ^ ^ , ,s. ; ■ . ■ ^ 
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ing. Even with double screens, close together, with reasonable care 
cleaning, some fish and trash will get into the pipes. The re-entrant ba^ ; 
arrangement of screens would not be suitable in many places, since the large 
spaces between screens put across the bays during cleaning and the regular 
screens, would contain fish and refuse that could not be conveniently removed. 
Inclined screens are objectionable since: (1) they cannot be used in deep 
water; (2) a large proportion of the fine dirt is rubbed through during cleaning, 
which is done by brushing. 

Screen areas should be liberal. For screens guarding entrances to pipes, 
wire should be No. 14 or in. Design of screens and frames, and apparatus 
for lifting them (N. Y. Board of Water Supply, Fig. 129) has proved 
satisfactory. The Metropolitan Water Board standard screen is of copper 
(No. 16, Birmingham wire gage), of 6 meshes per in. Frames are of white 
pine, fastened with tree nails. The netting is stapled to the upstream side 
of the frame, and a -J-in. board, full width of frame, is placed over the staples. 
A most important part of the equipment is the “dirt catcher’’ — a wjre basket 
of the same netting as the screen, fastened to the bottom of the screen. Bas- 
kets were sometimes made detachable on Catskill aqueduct. Instead of wire 
staples, brass clips spaced 15 in. apart should be used to fasten the trash bas- 
kets to screen frames so tliat they can be removed easily. 

Revolving screen, Roosevelt Canal, 24 was installed to remove floating 
dc^bris at penstocks. Screen is in form of truncated cone, smaller end (7.5 
ft. diam.) downstream; axis, (16.5 ft. long) inclined so that most of smaller 
end is above high-water line and over 50 per cent, of larger end (11 ft. diam.) is 
submerged. No. 18 galvanized wire, ^ in. mesh, is supported by |-in. and 
5-in. circumferential rods, in turn supported by sixteen 4-in. by J-in. bars. 
Water enters at larger end which is free of interior bracing. Screen is held to 
position by an exterior trunnion ring, 5 ft. ± from larger end resting on trun- 
nion either side of center line, and by shaft fastened to smaller end. This 
shaft passes far enough into screen to su])port one end of collecting trough; 
other end slopes toward, and is supported by pier upstream from screen. 
Screen is turned r.p.m. through gearing and ratchet ring at upper end by 
3-hp. motor. Area of submerged screen is 232 sq. ft., when canal is discharg- 
ing 250 cfs. Revolutions carry debris to top of screen whence it drops into this 
trough. Periodical discharges from tank above screen wash out trough and 
free screen of any adhering debris.* Experiwice on St. Paul supply indicates . 
advantage in cleaning and maintenance over the former stationary screens.2S 
Denver also employs a revolving screen at the intake.26 

Stop Planks. Grooves for stop planks must be smooth and straight. 
Instead of. using single stop planks, fasten two or more together so as to 
form a shutter, which cannot come out of groove by tilting, while being raised 
or lowered. For great depths or large openings steel plate shutters with 
wooden bearing strips on edges are preferable to wood. Wooden stop planks 
should be weighted so as to just sink. They may be given a few coats of 
boiled linseed oil or creosoted. Long-leaf yellow pine is a very suitable wood. 
Stop-planks, Hinckley dam, N. Y. State Barge Canal, are built up of widte* ^ 
oak sticks, fastened between steeL I-beams, in sections of convenient 

;!^ nater advice shows that revolving screens may be not as economical as^ raekbar: Tank4||^^ 

' capacity -iMxd elevation; men have to use rakes; grass and moss cliiagyo sei^li,. 
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Each section is provided with bronze rollers to reduce sliding friction in both 
directions. 

Floor covers over stop-plank and similar openings, if of wood, are easier 
to handle than if of metal, are fairly durable, and easy to replace, but if not 
frequently inspected, may become unsuspectedly weak, and so dangerous, 
from rotting on under side, while top remains sound. Rolled or pressed steel, 
or thin cast-iron plates are preferable. Reinforced concrete slabs may be 
used where they do not have to be moved often; they arc heavy. Wrought- 
iron or steel plates should be heavily galvanized or kept well painted, particu- 
larly on under side. 

Bibliography, Chapter 14. Masonry Aqueducts. 
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CHAPTER 15 


PLATE METAL PIPES* (STEEL AND IRON) 

Merits, t A steel pipe is more cheaply constructed in large sizes than is 
cast-iron pipe, and it can be installed more rapidly. It is more reliable than 
cast-iron in that it fails mostly by corrosion while a cast-iron pipe blows 
out at a weak point, causing larger damage to surrounding property. But 
a steel pipe is liable to float and will collapse under circumstances which would 
not affect a cast-iron line. Proper appurtenances must be provided against 
such mishaps. 1 A steel pipe can be tested in cold weather, when it would 
be inexpedient to test a cast-iron line because of possibility of breakages. 
Baltimore high-pressure fire system is constructed of steel pipe; no breaks in 
10 years.57 A steel pipe offers less resistance than cast-iron pipe to electro- 
lytic action and soil corrosion. 

RIVETED JOINTS 

Longitudinal Seams. Witli low heads or pressures, longitudinal seams 
proportioned for tightness are of ample strength. Make rivet pitch of circular 
and longitudinal lap seams the same, as a few more rivets will not increase 
the cost. Use lap joint up to |-in. plate, above which a good job is difficult; 
butt joints result in stronger pipe. One or two longitudinal seams are used, 
depending on diarn. and thickness of pipe. Double riveting for pipe above 
48-in. diarn. is common practice. 

Circular Seams. { Make number ’of rivets a multiple of 4, so that they 
will be at 90° points. Single riveting is generally strong enough. Either 
lap or butt joints are acceptable to shops, no matter what the thickness of 
plate, the la)) joint being easier to make. The ciuestion of circular seams is 
an economic one, based on gain in hydraulic properties, the butt joint provid- 
ing the smoother waterway, but adding from 0.5 to 0.8 cts. per lb. to cost. 
See p. 356 for temperature stresses. 

Lap-riveted Joints. La)) knigth is reckoned from edge to edge of bevel. 
Length of lap is determined by the shearing value of the rivet through the 
plate, and should not be less than T X the effective area of plate between rivets, 
S; T = strength in tension, S = strength in shear. Boiler makers com- 
monly assume the lap as 3 diarn., probably because of wedge action of rivet. 
A single-riveted joint may fail by deficient plate bearing, shearing rivets, 
tearing of plate, rivet shearing through plate, and rivet breaking through plate. 
The breaking of rivet through plate depends on lap and pitch and is difficult 
to calculate; it need not be considered in most cases, as the pitch must be close 

* Manufacturers include Biggs Boiler Works Co., Akron, O.; East Jersey Pipe Co., Pitt8bii»)i 
Penstock Construction Co., Sharon; Petroleum Iron Works Co., Sharon, Riter-Conley Co, 
Pittsburgh. 

t See also pp. 359 and 399. 
i Called also “girth seams." 
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to insure tight work, and only where large pitches are used need breaking 
be considered. 

Butt Joints. Butt straps require double the riveting and have double 
the chance to leak both at rivets and edges, to say nothing of the increased 
work and materials, but are necessary for strength in many cases. Double- 
riveted lap and double-riveted butt joints have the same strength*, but the 
lap joint is cheaper. A joint having a double-riveted butt strap on the outside 
and a triple-riveted butt strap on the inside can be designed to have efficiency 
of about 85 per cent. 

Rivet holes should be iV in. greater than the nominal diarn. of the rivet; the 
driven rivet should fill the hole. Specifications commonly forbid drifting; 
some experienced pipe makers believe that, with good plate, drifting to 
the extent of h or even J in. is not objectionable. IMates should be punched 
from the contact side. Catskill aqueduct specifications are as follows: 

Rivet holes shall be spaced with precision. Holes in |-in. and thicker plates 
shall be drilled from solid, or punched to approved size and reamed. Punched 
holes shall be clean cut, without torn or raRged (‘dges, and in punching only the 
best and sharpest punches and dies shall be used. All l>urrs or splits caused by 
punching shall be removed by suital>le means. (k)rresponding lioles shall, with- 
out enlarging, coincide to within about ^2 In-j ‘^^^d all j)lates in which correspond- 
ing holes do not so coincide shall be rejected, unless the (iiigineer shall be of opinion 
that conditions of stress are such at the point in question as to make more extensive 
enlargement safe. Drift pins shall not be used in forcing holes, but any percepti- 
ble lack of coincidence in acceptable plates shall be corrected by a sharp reamer or 
drill. 

Rivets. There is little if any difference in driving between soft steel and 
iron rivets, but steel rivets are better; the softer rivet has the lower shearing 
strength. The size of rivet for theoretical efficiency varies with type of 
joint and thickness of plate, being usually for lap joints (with rivets, f to 
IJ in.) about twice the ])late thickness. Maximum economy results when 
crushing strength equals shear. On Catskill acpieduct, the use of one size 
rivet (1 in.) throughout })rovcd more economical, as th(^ inci’easod thicknes.s 
of cover plate more than offset the d(icreased tliickness of the main plate, 
in the butt joints (pipes 9- to 11-ft. diam.). For thick plates (f in. and 
greater) l|-in. rivets are preferred, since small rivets cool before being thor- 
oughly driven. Practice is divided on hot and cold rivets. The pinching 
of a hot rivet in cooling adds to sfrength as well as to tightness. Cold rivets 
are sometimes used for small and light work, and at least one large shop uses 
them regularly for large work — ^lias used them successfully for some of the 
heaviest pipe made. With cold-driven rivets there is no layer of slag between 
rivet and plate; there is less lateral contraction and so a closer fit in hole. 
The principal danger, if the pressure of the riveting machine is not applied at 
right angles to the plate, is that the head may be partly sheared off, but 
such defects are easily discovered, especially during the hydrostatic test, when 
such heads come off. This should not be considered characteristic of cold- 
driven rivets, but merely accidental. Some makers can give lower price if 
cold rivets are used. Driving cold requires four or five times as much power. 
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Table 77. Hydrostatic Pressures for Driving Hot Rivets 
(R. D. Wood & Co.) 


Rivet diam., in. 

4 

i 


i 

1 

li 

li 



Pi*es8ure, tons 


25 

33 

45 

‘ 60 1 

75 

100 

125 



Shop Riveting. Table 77 is based on the rivet passing through only two 
plates, the combined thicjkness of which does not exceed the rivet diam. 

Another manufacturer uses a driving pressure of 63 tons for a 1-in. rivet, 
irrespective of thickness of plate; this brings the plates together well; a higher 
pressure would tend to deform the plates. 

Rivet heads may be safely flattened to a thickness ecpial to one-fourth the 
diam. of the rivet. The splitting of rivet heads depends on length, of rivets, 
not diam., and is due to contraction in cooling. Full rivet heads can be 
tightened to prevent leakage, by api)lying pressure to the cold rivet. On 
Catskill aqueduct, rivet calking was not allowed if the rivet was loose, unless 
.the leak was slight and easily closed, otherwise the rivet was cut out and a 
new one headed up tight while hot. It is difficult to make countersunk rivets 
tight, even by the best means yet devised; a number will leak in the first 
instance. Calking of outside heads onlp can be done, and if this does not stop 
leakage the rivet must be cut out (requiring tlie emptying of the pipe). To 
countersink rivets on the inside (to improve hydraulic qualities) adds less than 
I ct. per lb. to the pipe cost. Recent Brooklyn conduits had flattened heads. 

All riveting in longitudinal seams should be done by hydraulic, com- 
pressed-air, or steam machinery. The pressure is retained until the rivet 
head has been perfectly formed and the metal has lost its red color. Suit- 
ably applied pressure holds the plates in close contact until the rivet is driven. 
Rivets should be driven at such heat as to give the best results. 

Pitch of Rivets., Single and double riv^eting are used for lap, and double 
and tri])le riveting for butt joints. Double riveting is 16 to 20 per cent, 
stronger than single. Jomt efficiency* h the ratio of stress to strength, using 
unit stresses based on tests With j], I'^o, and A plates on the Catskill aque- 
duct, an edge distance of I f in. was used with 1-in. rivets. In single-riveted 
lap joints, the minimum pitch of rivets depends on the value of tearing of 
the plate. The maximum pitch is determined by requirements of calking. 
One manufacturer has the general rule that the pitch of rivets in butt joints 
should not exceed eight times the thickness of the thinnest butt plate. Stand- 
ards of Pacific Coast Electrical Assn. are%s follows: Maximum pitch along 
calked edges = 2\t + rivet diam. + li- The minimum longitudinal pitch 
in a single-riveted lap joint is generally limited by the clearance between 
rivet heads, usually taken as | in. 


Table 78. Rivet Gages and Edge Distances for Steel Pipes 


Rivet diam., in. 


Spacing of riv(?.t lines, in. 


HIDIHI 

2 1 

1 1 

2 ; 


j 

i 

. ^ 
i 


11 - 

11 ! 

1 

11 

l.v 

14 

1 -^ 

■ m 
n 

11 



l. 'Praotioe recommended by Hartford Steam Boiler Inspection & Insuranoe Co, 
;2. Tr«totioe ^ C^oago Bridge & Iron Works. 
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Table f9. Approximate Finished Weight of Steel Pipe 

Pounds per lin. ft., including laps, bars, rivets, and coating* 



Thicknos8» in. 


1« 

89. 

20 

96. 

55 

103. 

00 

111. 

15 

118. 

40 

125. 

65 

133. 

23 

140. 

81 

148. 

40 

1.55. 

81 

163. 

22 

170. 

65 

170. 

63 

188. 

61 

107. 

.60 

205. 

31 

213. 

02 

220. 

75 

22s. 

13 

235. 

.51 

242. 

00 


260 

.10 

260 

. 1.5 

277 

!20 

285 

.25 

203 

.30 

01 

. 30 

08 

.10 

104 

,85 

112. 

47 

110. 

85 

126. 

06 

134. 

38 

141. 

05 

140. 

60 

157. 

82 

165. 

45 

• 172. 

49 

181. 

57 

100. 

65 

199. 

72 

206. 

.53 

213. 

34 

220 , 

1.5 

228, 

78 

237. 

41 

246, 

05 

2.54 , 

34 

262. 

63 

270, 

04 

280. 

23 

289. 

52 

298. 

81 


145. 

10 

157. 

70 

170. 

30 

181. 

61 

102. 

92 

204, 

25 

216. 

00 



♦From ^‘Handbook of Pipe” (East Jersey Pipe Co.). Approximate formula; Weight in lb. 
per lin. ft. ■» (Diam. in in. X Thickness in in. X 100 -7- 8) + 10. 

Costs depend on many conditions. Pipes with tapered, or ^'stove-pipe,!’ 
joints cost a little more than alternate inside and outside courses, and butt- 
strap joints much more, especially if the inside rivet heads are countersunk. 
Tapered rings, or lengths, require lay-out plates and curving the plates to a 
cone. Recent riveted conduits in Brooklyn are required to be tapered.*^ 
All types of pipes are now laid with tapered rings, the interior seams pointing iii 
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Table 80. Double-riveted Steel Hydraulic I%pe* 



Table 80 was computed by Byron Jackson Iron Works, Inc. 


♦ Unit stress 16,000 lb. per sq. in.; joint efficiency » 71 per cent, 
t Including laps and rivet heads. 

J Nd allowance for water-hammer or corrosion. 
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direction of flow, z.c., the smaller diam. is laid downstream. Studies indicate 
that frictional resistances in 48-in. pipe are slightly less with tapered than with 
in-and-out courses. The price for steel pipe can be reduced several per cent, 
if liberal time be allowed for shop work. 

Shop Calking. Lap joints are calked all around, inside and outside; butt 
joints on the outside only. See also p. 328 for Field Calking. 

Shop Testing. To be sure of tight work, every shop length should be 
tested before coating. This can be done rapidly and cheaply by means of 
special heads with rubber or similar gaskets, requiring no riveting. Use 
flat-head, soft-rubber plugs in cmi>ty rivet holes. Same test heads can be 
used in field tests. One advantage of sho]) test is that refilling of the trench 
between field joints can l)e done at once, thus })rotecting the pipe from extreme 
expansion and contraction. It is chea])er to make the pipe tiglit in the shop 
than in the field. Some sliojis are C(iuipped with testing machines. 

DESIGN OF RIVETED JOINTS, STEEL-PIPE SIPHONS, CATSKILL 

AQUEDUCT* 

Assumptions. No allowance was made for corrosion with mortar-lined 
and concrete-covered pipes and the nominal was taken as the working thick- 
ness of the steel plate. With unlined pipes, the working tliicEness of steel 
.plate was assumed t — iV All units are in inches, or lb. ])er sq. in. 

ai length of plate l)ctween rivet ft — unit tensile stress on steel plate, 
holes = /n — d\. 

d = nominal diarn. of rivet. g — gage distance (i.c., distance be- 

tween two rows of rivets). 

di .= driven diain. of rivet = d -{- -jV, . h — edge distance, from center of rivet, 
e = efficiency of joint. /t' = edge distance, from edge of rivet 

hole. 

fc = unit bearing .stre.ss on rivets and- k ~ allowanct^ for clearance between 
plates. rivet heads ~ J in. 

/, = unit shearing stress on plate. p diagonal pitch of rivets, 
unit shearing stress on rivets in 

single shear. pi longitudinal j)itch of rivets. 

= unit shearing stress on rivets in 

double shear. t thickness of steel j)late. 

Working stresses assumed wore ft = 15,000; 
fc^ 22,500; /. = 10,000; ff = 'd()00; //' - 
8000. 

Edge Distance. Theoretical edge distance: 
h = rf,(o.5 + OMSylj)- 

Practical edge distance: h = 1.5di. 

Gage Distance and Diagonal Pitch. I. The gage distance, g, required for 
equal diagonal and longitudinal strength, make resistance to tear tod 
sliear along A: — / equal to one-half resistance to tear along n — e (see Fig. 182 ). 
To find g when pi, di and t are known. Resistance to rupture along 


■\ fc:m 


Bcigtof PlaH ^ 

Fig. 130. — Steel pipe, edge 
distance. 


* Following furnmlas, tables, etc. are given as examples only. 
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Fig. 131. — Steel pipe siphons, riveted joints, Catskill aqueduct. 
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is Q6 I)er cent, that along k - J* and is a minimum for the pitch ga^ 
distance assumed. Therefore resistance along k- f must be made equa 

100 Oi 


to 


96 2 


r3oo, 

V ” + igV 9p,* + 


0 . 


Find the value of g to satisfy this equation for equal diagonal and longi- 

tudmal stren^L^ce ^i^et head = 2 (di - ") 

= 2d. 


Hence 


p = 2{d^ - A") + fc = 2d + i" 

g = = y](2d+vy - (I) 




r-P- "i ; ■_ 

• 

u 


b — &—ie- 

— 





Section 

C'C 


Fig. 133. — Doublj-riveted lap joint. 

31* net diagonal tlian longitudinal distance, < 
i.e./2p == Pi + <h + 

Single-iiveted Lap Joint (see p. 301). I.engtl. of joint = p.. Methods 
>f failure : (a) tearing plate ; (h) shearing rivets. 

/ J \ff . frv cbpar ~ ft ] solid plate 
Resistance, to tearing = (pi - 4 

=s pltft* ^ 

For equal strength against tearing and shearing, Pi = ^ unless limited by 

ole.,».-,wh„p<M+iin. .. (0.474) -(‘ + 0 «'t)- 

stant in the € formula depends on the value of/.' and/, used, 0.471 being 
replaced by | X ^-r' 

L»g.hrfjoij4- P.. 

(a) tearing plate along AA or BBy(h) shearing a rive s. 

♦ Known by test. 
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Fi(i. 134.—, Junction of double-riveted lap joint (longitudinal seam) with single- 
riveted lap joint (circular seam). (Catskill aqueduct.) 



Fig. 135. — Triple-riveted butt joint. (See also p. 310.) 



Fig. 136. — Junction of triple-riveted butt joint (longitudinal seam) with double- 
riveted lap joint (circular seam), (Catskill aqueduct.) 
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Resistance f to tearing along A A or BE = (pi — di)tft; to shearing « 

di 

Pi == j — unless limited by clearance, when p < 2d + 

6 = 0.943“' -T- + 0.943yy The constant 0.943 is for // = 15,000, // 

TT / ^ 

== 9000; for other values it becomes ^ y ‘ Whenc = 70 per cent.,di = 2.472i, 
di 

~ 0.3‘ 

Triple-riveted Butt Joint. Length of joint = 27)1. Metliods of failure: 

(a) tearing plate along AA ; (h) tearing plate along BE and shearing rivets on 

AA ; (c) shearing all rivets on one side of CC, 

Resistance to tension = (A(2pi — di). 

* Trd ^ 

Resistance to tension + shear = — + 2(7;! — di)ftt. 

Resistance to shear = )/"« + = ~4~(8/"« +//). 

Resistance of solid i)latc = 2pitft, 


PLATES FOR STEEL PIPES* 

Materials. Catskill aqueduct specifications call for stc^el to be made by 
basic open-hearth process, ])late steel ( A, and -j% in. thickness, for 5-ft. 
6-in. to 11-ft. 3-in. diam.) to conform to ^^flange steeL' and rivets to ‘‘boiler 
rivet steel’^ requirements of A. S. T. M., Serial designation A 30-21 and A 
31-14, respectively. 

Thick Plates. Most shops cannot handle plates of greater thickness than 
1 in. (one can take 1-J* in.); l|-in. plate in pijx's trosts about 25 per cent, more 
per lb. than 1-in., due to necessity «f drilling holes after plate is rolled to ^ 
cylinder, to avoid making holes oblong. Thin j)i])e is more expensive than 
medium-weight, due to larger number of rivets required. 

Thickness of plates should be determined as follows :t (1) ^ == pdf. -s- 2t,E,f 
t ^ thickness of plate, in in.; p = internal i)ressure, lb. per sq. in.; / = factor 
of safety; = tensile strength of plate, lb. per sq. in.t = (55,000); E == 
efficiency of joint; d = internal diameter of pipe, in in. It is good practice to 
use 15,000 for L -f- /. Constant in. is commonly added to computed thick- 
ness as a provision against rusting. 

San Fernando sij)hon of Los Angeles aqueduct is 72 in. in diam. and made 
up of i- and plate. It was designed for a pressure corresponding to the 

maximum hydraulic grade line to save expense.2 The 10-ft. pipe which col- 
lapsed due to washouts and sudden emptying, in the Antelope Valley siphon 
of the same aqueduct, had J- and |-in. plate. It was. restored to shape by 
refilling with water. Four miles of the 36-in. Snooke River line were composed 
of plate.3 In laying, contractors prefer thicker plates, as they make 


* Hydraulic Power Committee hann prepared specificAtiona for fabrication of riveted ateel pipe 
( 1923 ). • 


t Spccificationa, Dept. Water Supply, Glw and Electricity, New York. 
r X Hydraulic Power Committee recommepda elaatic limit aa proper baaia for the factor of 
Water-hammer ignored. 
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stiffer pipe to handle. A common shop rule is < = Stiffener rings are 

sometimes provided on penstocks, to avoid distortion in handling. On 9-ft.. 
penstock for Portland Railway Light & Power Co., where plate thickness is 
i in. or less, the pipe is reinforced with outside stiffener rings of 5 X 3 X 
I -in. angles spaced 2 ft. 9 in. on centers, to afford rigidity while handling.-* 
For low heads, thickness may be determined by external load conditions, as in 
60-in. conduit at Cleveland filters. 

Plate Lengths. Specify maximum as well as minimum lap. Edges of 
plates as delivered from mills are not straight; when riveted, lap is sometimes 
as much as 2 in. in excess. 

Bending Plate. Good practice requires plates rolled cold to true curve, no 
heating or hammering being allowed. 

Beveling Edges of Plates. Plates are often cut and beveled at one opera- 
tion by a multiple shearing machine. Edges are sometimes beveled by 
planing. Many persons prefer bevel edges on all plates ^ in. or more thick, 
to facilitate calking. On the Catskill aqueduct it was required that the bevel 
be formed at 45° by planing; 60° is sometimes required. If a steel plate 
is considered laminated, the best calking should be done with bevel edges; 
planing is preferable to shearing, which is liable to tear the fibers. At least 
one large manufacturer prefers square edges for calking. Split calking from 
a square-edged plate is dangerous, as a split may reach some of the rivet holes. 

Diameter of Pipe. With alternate inside and outside courses, diameter is 
measured to inside course. Allow in. in computed diameter for fitting 
outer course over inner; rivets will take it up when joints are made. With 
tapered rings, diain. is that of the interior at the small end. 

Size of Pipe. Riveted steel pipes 30 in. in diam. are small for good work- 
manship, although pipes as small as 24 in. have been riveted in the field for 
short lengths; 30-in. ])ipe is more easily riveted, and is the ordinary minimum. 
Pipes have been made iq) to 18-ft. diam. 

LOCK-BAR PIPE* 

Lock-bar pipe is in use on 30-in. line, Coolgardie, Australia; on 48-in. line, 
Portland, Ore.; in 72- and 66-in. Catskill conduits, Brooklyn, in Seattle, and 
in many other pipe lines. S])ecification for lock-bars at Seattle: 

Shall be a steel that experience has shown'to l)e adapted to work proposed; 
shall be equal in quality to steel s|)ecified for rivets of riveted steel pipe, and shall 
be subjected to same tests. It sliall stand cold rolling and working. 

Lock-bar pipes accepted by Board of Water Supply in 1911, for ‘66-in. 
pipes in Brooklyn had plates -i\ in. thick. These bars were of extra dead 
soft*^ steel; composition: carbon, not over 0.1 per cent.; sulphur, not over 
0.05; phosphorus, not over 0.04; copper, 0.18 to 0.25. This steel prov^ 
satisfactory; the pipe maker said it was the best metal yet used in lock-bars, r 
Later the steel mills and pipe makers contended that the copper had beeh ^ 
questionable benefit, if not objectionable. Careful investigation showed;^ 
adyanti^ in annealing the bars after rolling, if properly handled on the 
f Cail^ '*lockii|flhbar pipe” in England; East Jersey Pipe Co. has American 
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beds at the rolling mill. Annealing would add a few dollars per ton to the 
price of bars. 

The manufacturers have test data to prove a reduction in plate thickness 
permissible. The Board of Water Supply, New York, specifies (1923): 

Joints formed by welding or special devices, giving strength equal to or greater 
than that of tlie riveted joint specified . . . will be allowed on satisfactory proof 
of efficiency and lasting properties, but no reduction in diameter of pipe or thick, 
ness of plate will be considered. 

Some municipalities allow smaller diam. for lock-bar pipe; for instance, 
Hartfords took bids on a 42-in. lock-bar pipe, a 42-in. cast-iron pipe, and a 
44-in. riveted steel pipe. Cleveland took bids on a 60-in. lock-bar pipe, 60-in. 
cast-iron pipe, and 63-in. riveted steel pipe for the raw-water conduit in 1923. 
Maury54 estimates 10 or 16 per cent. less capacity for ri\’eted steel than for 
hammer- weld or lock-bar pi])c.* 



Fio. 137. — Ix)(;k-l)a.r pipe. T^'kj. 138. — Ijock-bar pipe. Trans- 

Longitudinal seams, v(‘rs(‘ joints (circular seams). 

Fabrication. Longitudinal .seams are formed as shown; joints may be 
figured for 90 per cent, efficiency (tests by Unwin showed 100 per cent.). 

Longitudinal edges of plate of lock-bar pipe should be upset to required 
thickness and after the i)lates have been rolled to true circles the lock-bars 
should be closed down over tlm upset edges by a hydraulic jack exerting a 
pressure of not less 500 tons. The space between the upset edge of the plate 
and the bottom of the groove in the bar should not exceed in.;, if greater, or 
if bar shows any sign of cracking, it should be cut out and a new bar substi- 
tuted.' Pipes are ordinarily fabricated in 30-ft. lengths; shorter lengths can be 
made to fit conditions at curves, valves, etc. Circular seams are ma-de as in 
riveted pipes. Lock-bars are near the horizontal diam., but stagger on 
adjacent lengths (see Fig. 138). 

Failure. Under a 166-lb. test pressure, a 52-in. lock-bar steel pipe,t xV 
thick, burst; stress in steel was about 13,800 lb. per sq. in. Lock-bar broke 
transversely in 11 places, 8 to 15 in, apart, and cracked longitudinally. Metal 
showed crystallization. Two or three minutes after break, pipe collapsed 
at three points upstream, first 1700 ft. away. Here nine pipes, each 30 ft. 

I ^ 762. 

Mvb'tAt Ore. 




Fig. 139. — Steel pipe siphons, standard types, Catskill aqueduct. Concrete jacket and mortar lining. 
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. long, took this shape; O. Pipe was not backfilled; two concrete anchors on 
either side prevented collapse from spreading. At two poipts about 1000 ft. 
farther upstream, nine-pipe and four-pipe lengths, respectively, took this 
shape at places not backfilled : O. There was solid backfilling between breaks. 
These breaks, due to faulty metal in one bar, are not an argument against 
lock-bar pipe. Of tens of thousands of bars made in United States, it is stated, 
breaks could be counted on one’s fingers.® 

PICKLING AND COATING STEEL PIPE 

Pickling. Pickling under Catskill aciueduct s})ecificati()n, by East Jersey 
Pipe Co., was done as follows: Each plate was bent in rolls, which thoroughly 
broke the scale on the inner side but had less effect outside. Acid and washing 
tanks of wood, in the same shed with the h(‘ating ovens, were set in the ground 
nearly flush with the floor. Wash water was k(‘pt alkaline by occasional addi- 
tion of soda ash. A(dd solution was kept at strength of 5 i)er cent, of oil of 
vitriol (latter practically 08 ]>er cent, pure sulphuric acid) ; it was heated to 
approximately 12r)°F. and agitated by steam jet discharging below the surface 
at one corner. Steel was in the acid tank about 15 min., then immediately 
lowered into the wash tank, for only 2 or 8 min. After removal from the 
second tank, pipes, if to be coated, were almost immediately run into the oven 
and heated for dipping. Pipes, after pickling, wenj free from s(!ale, and of a 
uniform steel-gray color. Heat of the acid bath is sufficient to cause the pipes 
to dry rapidly when lifted into the air from the wash tank. Tests showed 
that the breaking of the scale by bending or otlier fabrication helped materi- 
ally in removing it; 3| per cent, acid solution was quite as effective as 5. 

• Scale is insoluble in acid, and is removed by the action of the acid on the rnetal 
beneath. Weak acid solutions attack cast iron vigorously; a little heat, 
about 125®, greatly accelerates this action ; thtn-efore speh fittings should not 
be attached until after the steel lias been pickled, if tiiis be practicable, or cast- 
steel fittings should be used. 

On some of the Catskill aqueduct work, after jiickling, whitewash was 
applied to protect from rust lietweeii fabrication and the ap])lication of the 
mortar lining. Heavy lime whitewash was made as follows: To 1 bbl. (about 
50 gal.) of whitewash there were added 20 11). of glue first dissolved in water. 
Later it was found advisable to add 1 lb. Portland cement to each gal. of white- 
wash. Brushes proved more satisfactory than spraying machines ojierated 
by compressed air. This coatirig did not prevent light rust, as it did not stay 
on well enough. 

Cleaning and Oiling. In some shops, plates, as received from the foiling 
mill, are cleaned with dilute acid and brushes before any shop work is done, 
cleaned again after shop work, and given a coat of boiled linseed oil before 
exposure to the weather; all painting is then done in the field, preferably With 
graphite paint. Advantages of oil are that all shop and erection marks made 
on the bare steel are visible; also any imperfections in the plate which may 
have passed preliminary inspection may be detected during erection. 

Catskill aqueduct specifications for concrete jacket and mortar lining had 
the following stipulations as to preliminary cleaning: During fabrication into 
pipe, all plates, at each joint where one plate covers another, shall be entirely 
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free from mill scale, from any but light rust, and from all dirt, grease, or othet 
foreign matter. Furthermore, when concrete is placed around, or mortar 
lining placed within, any section of pipe, surface of plate shall be similarly 
clean. Degree of cleanliness and freedom from scale required shall be such 
as is produced by thorough sandblasting or thorough pickling, f.e., such that 
surface of steel itself is exposed. Initial cleaning may be done at the mill, 
provided the steel is adequately protected and necessary field cleaning is done. 

Function of Coating. Coating not only protects the metal from corrosion, 
but it also improves the hydraulic properties of the pipe. An uncoatcd pen- 
stock of Pacific Gas & Electric Co. dcvcloi)ed tubercles and pittiiigs after a few 
years. Before painting the interior, a sandblast was employed to clean the 
plates. Two coats of red lead were applied. Aside from prolonging the life of 
the pipe, this treatment reduced friction losses in the pipe by 25 per cent.^ 

Shop Coating. No shop is equipped to dip pipe over 8 ft. in diam. Dipping 
vertically in a tank is usually much more effective than painting with brushes. 
Before dipping, pipes are brought to about 300'', by liot blast or in ovens. 
Pipes should be revolved in the dipping tank, and great care exercised to 
avoid foaming, especn'ally while the pipe is being removed; all coating material 
should be strained through 20-mesh sieve before entering the tank. Some 
authorities advise avoiding air currents while withdrawing the pipe from the 
bath; 30-in. Coolgardie lock-bar pipe was x>laccd in a horizontal position and 
revolved while hardening to give a uniform coating. Current of air blown 
through it accelerated the cooling. Stewarts & Lloyds, Ltd., Glasgow, apply 
bituminous lining centrifugally. 

Angus Smith Tar Coating. Dr. Angus Smith, in England, about 1840, 
for protecting iron water pipes, used a coating of coal-tar, distilled to the con- 
sistence of melted wax, and an unknown per cent, of raw linseed oil, probably 
about 5 or 6. After 85 j^ears pipe was found in perfect condition externally, 
and to contain few tubercles or deposits jnside. 

Comparison of Coatings. From an examination of various steel-pipe coatings 
in Eastern United States, it is concluded that a mixture of coal-tar pitch and 
asphalt has most efficiently prevented or retarded rusting of the interior. Coal- 
tar pitch is distillate of coal-tar at such a point that naphtha has been entirely 
removed; the material is then deodorized and reduced to consistence of wax by 
addition of at least 1 per cent, heavy linseed oil. Ordinary commercial roofing 
pitch might be suitable after the proper proportions are determined. Some pipe 
makers state that with modern methods of producing coal-gas and its by-products, 
coal-tar suitable for coating cannot be had, and that coatings made with available 
tar do' not adhere well; asphalt dips are preferred. 

/‘Coal-tar pitch heated to usual coating temperature, 300 to 400®F., is very 
thin; it is sometimes' used straight, but is more or less brittle and subject to chip- 
ping; ‘flowing' point is low, 100 to 145°F. Pitches from residues of petroleum 
distillation vary, Hydrolene being quite soft when applied and yet somewhat 
brittle and lacking in adhesion to steel (flowing point, 200®F.); Bitose is very soft 
and full of oil (flowing point, 206°F.); Texaco is harder and tougher, (flowing 
point, 260*^.). Gilsonite, a mineral pitch, is fluxed with some petroleum product 
having an asphalt base; Sarco is hard, tough and rubbery; flowing point, 

Pioneer has much the same consistence, but a lower flowing point, 245®F. Nub|ah" 
products are mineral pitch from carbonization, of animal fats collected in an > 
ppe^ is said to be the flux; hard, tendency to brittleness j flowi|^^^ 



316 WATERWORKS HANDBOOK ’ 

« • . 

230 to 270°F. All are thicker than coal-tar pitch when heated to coating tem- 
peratures, and incline to heavier coatings, which do not adhere so closely to the 
steel. 

Tests. ** Comparative tendency to soften and flow is shown by placing a 
pill of each pitch weighing about 0.2 gram near the top of a glass plate inclined 
45® in the oven, heated to any desired temperature for 24 hr. Softening and 
flowing points of the harder varieties are determined upon pieces about 1-mm. 
diam., placed upon thin microscopic cover glasses laid upon the surface of a mercury 
bath, the bath and dish being covered with an inverted funnel, through the stem of 
which passes a thermometer. Temperature is raised 2 to per min., particles 
are examined with magnifying lens and temperature at which the edges begin to 
round over is regarded as ‘softening’ point; temperature at which the pitch begins 
to spread where in contact with a glass is called ‘flowing’ point. For coal-tar 
and soft pitches, 1 gram is placed on a washer having an opening 8 mm. in diam., 
suspended in a 400-c.c, beaker of distilled water about 7 cm. from the bottom; 
temperature is raised 2°F. per min. and point at which pitch runs through washer 
and touches bottom of beaker is flowing point. 

“For determining tenacity wdth which coating wdll adhere to steel: Sample is 
brought to coating temperature and into it arc dipped, part w^ay, (dean steel bars 
about 8 in. long previcnisly licated to same temperature; after about 3 min., the 
bars are removed, allow^(‘d to drain and cool. One set is chilled to 32°F. and 
another to 0°F., ice and salt being used if cjonvenient; th(ai strike as l^eavy blow as 
possible over the edge of an anvil, repeating once or tw ice on each side, the blow 
being delivered above the coating. If latter does not chip, blow's are repeated 
upon coated section. Firm, tenacious coating w'ill not chip off at either tempera- 
ture, except at the point wdierc the blow is delivered; a fair coating may hold at 
freezing and chij) slightly at zero, w'hile a poor coating will be likely to come off in 
large scales at either temperature.* . 

“Elasticity may be determined by strips of tin plate 2 in. wide heated to coating 
temperature and dipped in hot pitch. After setting, the strips should be chilled 
to same temperatures as the steel bars, and bent quickly 45*’. Tough, elastic pitch 
should not crack. * 

Springfield Pipe. “Coal-tar pitch of standard quality mixed with 3 per cent, 
raw linseed oil was adopted for 60,000 ft. of 42-in. lock-bar pipe, Springfield, Mass., 
by Hazen& Whipple; applied to 30-ft. lengths by East Jersey Pipe Co., Paterson, 
N. J. Pitch was run from barrels into a small tank, where it received the linseed 
oil; it was then drawn into a vertical dipping tank, and kept constantly at 350®F. 
by steam coils. Pipes were first cleaned of mill scale by wire brushes, a most 
important step, as rough adhering particles cause spreading of pitch upon draining, 
resulting in uneven thickness ovec* an area surrounding each particle. Each pipe 
was then placed on rollers in front of a blast and heated until the end farthest from 
the blast was sizzling hot; the end nearest the blast was put in the pitch first, com- 
pensating somewhat for the slightly lower temperature at the bottom of the tank; 
top and bottom temperatures were kept within 10 or 12® of each other. Excess 
coating was drained into the. tank and the pipe then stood upright on an iron 
plate until the coating was thoroughly set and nearly cold. Five pipes were put 
on each flat car, blocked up free of the floor and protected one from another by 
canvas strips. With one tank and two hoists, about 1500 ft., or 10 carloads, 
could be coated in 1 day. Freedom from troubles during coating was remarkable. 
Constant loss of volatile compounds was compensated by adding tar oil. Fresh 
pitch and linseed oil were added as the bath was depleted. At one time after the 
addition of fresh pitch, frothing occurred; bubbles so formed inclined to stick to 
the pipe and cause uneveh coating; probably due td moisture in the pitch; it was 

See 
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overcome by the addition of a little linseed oil/' * In 1921, 12 years later, the pipe 
was reported in apparently good condition — it had not been out of service; there 
had been no opportunity for a thorough examination. In 1926,'Lochridge con- 
siders the coating successful, although there has been some electrolysis at places 
where subsequent operations have disturbed the coating. 

Protection from Electrolysis. At Springfield, Mass., 42-in. lock-bar steel 
pipe was protected from electrolysis by covering of two to eight plies of 
Barrett Specification^^ felt weighing 14 to 16 lb. per 100 sq. ft., single thick- 
ness, and '^Specification'^ pitch (American coal-tar pitch), 30 lb. each mopping 
per 100 sq. ft. Felt was cut in strips 12 in. longer than half circumference. 
Pipe was mopped on top half and felt immediately applied while pitch was 
hot, strips were laid shingle fashion to break joint every 16 in., for as many 
plies as required. After covering top half, pipe was turned over and lower 
half was treated in same way. Where pipe was subjected to direct currents, 
eight plies were used; as distance from current increased, number of plies were 
lessened. After pipes were riveted in trench, joints were similarly wrapped.® 
Bitumastic enamel is a refined coal-tar composition with 20 per cent, or 
more of mineral filler to give the proper body or consistence. From 40 to 60 
per cent, of the coating is soluble in carbon disulphide and the melting point 
under the ball-and-ring test is from 160 to 170°F. The bitumastic solution is 
of the same composition without the filler; it has been cut with a naphtha 
solvent so that it is liquid at all temperatures. Both the Hermastic of Wailes- 
Dove-Hermiston Corp. and Briggs Tenax solution and Briggs ferroid enamelt 
were used on the recent Brooklyn conduits. 

Bitumastic enamel should be applied only by experienced men, as the 
material can be easily ruined. Material can be heated too much, mak- 
ing the coating hard and brittle, but increasing the covering capacity. 
Thinners will also rum the material while increasing the covering capacity. 
If applied to a danqi, greas}^, or dirty surface, the enamel will be thrown off 
the steel pipe in a short time. Applying the enamel over a solution of a 
different base will produce poor results. Conduits installed in 1913 under a 
specification requiring the l)itumastic enamel brushed on thin to get a smooth 
surface (iV iu- was maximum thickness allowed) were inspected after 7 
years; the enamel was found in excellent condition, and better than other 
experimental coatings applied simultaneously. The thinness of the coating 
was largely responsible for a few small tubercles on the invert where some 
walking took pla(;e after the line was finished. Recent specifications have 
called for a thicker coating.® 


Graphite (Rochester specifications, 1916).l® After cleaning in the shop, one 
coat of boiled linseed oil shall be painted on by hand. After pipes are delivered 
at site, they shall be painted by hand, both inside and out, with Detroit graphite 
paint No. 501 and, after a sufficient period for hardening of this coat, it shall be 
followed in a similar manner by one coat of Detroit Graphite Paint No. 106. 
Both paints shall be received in original packages and shall be thoroughly agitated 


* From *Tipe Coating,” by G. C. Whipple, before Chemists' Club, Polytechnic Institute, Brook- 
iyu, lft09. There have been some improvements since 1909 in determining melting point. See 
also “Methods for Testing Coal Tar ^nd Refined Tars, Oils and Pitches Derived Therefrom/’ by 
S. R. Church, J.I. E. C., April, 1911; and ‘‘Tars, Old and New,” by same author, /. N. E. W. 
peoember, 1922. . . n 

t Briggs Bituminous Composition Co. 
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with a paddle before being dipped from the original containers. The paint as 
delivered shall be used without the admi^ure of any oil drier or thinning material. 
During coating and period of drying or hardening, pipes shall be kept dry and under 
cover from weather. When both coats are sufficiently hard, or approximately a 
week after second painting, pipes shall be painted by hand with one coat of Tnis- 
Con special paint. 

Roofing paper has been applied to 4- and 8-in. pipe in California (the former 
having welded joints, the latter, screwed joints), as ii protection from corro- 
sive adobe. Two coats of California asphaltic paint were first applied, after 
which the pipe was covered with high-grade roofing paper, held ’with wire. 

Coolgardie 30-in. lock-bar pipe* was heated to 30()®F. and immersed in a 
mixture of Trinidad asphalt and tar, maintained at boiling point (14 
per cent, of 350-mi. length was coated otherwise). Before the coating 
was entirely hard, find sand was distributed over the outside and slightly 
pressed in by rollers; this was expected to retard flowing under high sun 
temperatures. Australian temperatures range from below freezing to 170® 
F.f Chief Engineer Ileynoldson thinks sanding not desirable. Soft 
coatings, with a tendency to flow, are not as relialile as hard coatings. Hard 
coatings may peel from brittleness in cold weather, but are denser, more 
durable, and in closer contact with the metal. 

Burlap covering saturated with hot asjihalt comiiound has been spirally 
wound on to lock-bar and riveted steel pipes by East Jersey Pipe Co., New 
York, at moderate cost. Small seamless ))ipes wound s|)irally with strips of 
the burlap saturated witli asphalt can be obtained in the market. There 
are conduits so treated at Winnii)eg, Minneapolis, Montreal, Rutland, Vt., 
and Brooklyn. The last mentioned was laid by Board of Water Su])ply in 
1915. 

The 8-in. wrought-iron pipe for oil delivery in the Tuxpam Roadstead, 
Mex., was delivered in 20-ft. lengths and screwed up on shore, with couplings, 
7J in. long. Before launching, the pipe was coated with Texaco Dip,” 
applied hot, and was wrapped with burlap 20 in. wide.t2 

A 4-in. high-pressure gas line in California was wrapped in the field 
with a prepared roofing fabric of burlap, asj)halt, and felt, which came in 
rolls. Strips 20 ft. long by 16 in. wide were prepared; this widtli provided a 
2|-in. lap, as the pipe circumference was 13^ in. A heavy pitch heated to 
150® F. was mopped on the metal, and on the side of the fabric which would 
be in contact with the metal. Fabric was immediately put in place and 
smoothed down promptly to close contact. No. 18 wire was then wound 
spirally and the whole surface given a final coat of hot pitch. ^‘When cool, 
this presents a hard, waterproof surface that cannot be penetrated.” 

Spring Valley Water Co., San Francisco, Cal. Directions for Asphaltum 
Coating. Santa Barbara asphaltum free from impurities broken into 2- or 
3-in. pieces. Place in a melting trough and fill the interstices with coal-tar 
free from oily substances. Boil slowly 4 to 7 hr. stirring frequently and allow- 
ing the refuse to collect in the bottom of the trough. Proper temperatpi^ 
to insure toughness and tenacity of dip is 300 to 305®F. After boiling, the 

* See also p. 325; also Longley inV, N, B. IF.’Tf. 4., Vol. 89, 1925, p. 421. ; ; 

t Hlack pipe in aun. ^ v 
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refined asphaltum is poured into another (the dipping) trough, and the refuse 
’ is taken from the boiling trough. During the process of dipping pip^, the 
dip is kept at the same temperature. Consistence is maintained by additibn 
of refined asphaltum from the melting trough, and by the occasional addition 
of coal-tar, to prevent the consistence in the dipping trough from becoming 
too stiff. Pipes should be given two dips, the first lasting from about 2 to 
20 min., or until pipe has attained temperature of bath. Pipe is then taken 
out and drained into dipping trough. After it is thoroughly drained, it 
is immersed again to obtain thickness. It is then taken out and drained into 
dipping trough. After it is thoroughly drained, it is again immersed for 3 to 
6 min., hoisted out, and drained again. In a long run of mixing, the proportion 
of tar to asphaltum was found to be f bbl. (50 gal.) of coal-tar (weighing about 
420 lb.) to a short ton of asphaltum. In a case in mind, the melting trough 
contained a little over 50 tons, and in the preparation of the dip (tempering) • 
44 bbl. of coal-tar were used. This shows about 1 bbl. coal-tar to 1 ton asphal- 
tum. Amount of material necessary to purchase will exceed material used 
by 10 to 15 per cent. Material required per sq. ft. of surface inside and outside 
(for two coats) runs from 0.8 lb, for small pipes, of thin iron, to 1.15 lb. for 
large pipes, of thick iron. These specifications have been used since 1868. 
A 30-in. pipe* (No. 11 gage) so coated has been in service since 1868 under 
60 lb. pressure.* 


Water-gas and Coal-gas Tar Paint, f U. S. Reclamation Service, t Specifica- 
tions for metal work : All rnetal work shall be thoroughly cleaned of all loose scale 
and given one coat of water-gas tar followed by two coats of coal-gas tar. All 
coats sliall be applied when the temperature of the air and metal is not less than 
60° F. Water-gas tar shall have a specific gravity not less than 1.05 nor more than 
1.10 at 60°F. and shall be of such consistence that it can be applied with brushes. 
Melting point of coal-g?is tar, as determined by cube method, shall be between 
105 and 1 10°F. Both water-gas tar and coy,l-gas tar shall be freed from moisture, 
and all fats shall 1x3 (3xtracted from water-gas tar. If water-gas tar is too thick to 
spread, contractor may use suitable light oil for thinning. Water-gas tar may be 
applied without heating, but first coat of coal-gas ttir, which may be applied a few 
hours after ai)plication of water-gas tar, shall be applied hot and brushed out thin 
as possible so that the coating will not run nor peel after it is dry. Second coat of 
coal-gas tar shall not be applied until after the first coat has set. Contractor 
may use water-gas tar without the fats extracted, in which case first coat of coal- 
gas tar shall not be applied until water-gas ta» has set, usually at least 4 days. 
This tar paint shall be well worked into all joints and open spaces. Machine- 
finished surfaces shall not be painted, but coated with white lead and tallow.’ 

This paint is used for underwater metal work and wood-stave pipe, and in 
fiumes to prevent erosion as well as corrosion; for the latter it is the only satis- 
factory paint. It is superior to any other for all submerged metal work and 
believed to be good for any place where a black paint with a slightly sticky surface 
is not objectionable. In winter of 1912-1913, penstocks and draft tubes in Mini- 
doka power plant, except No. 1, were painted with red lead, carefully compounded 
and applied in accordance with recommendation of one of largest paint manu- 
facturers. No, 1 was painted with water-gas tar and coal-gas tar. At end of 19I3| 

♦ Inf onnation from G. M. ElUott, Chief Engineer, 1922; see also Leonard Metcalf, E. C., 
?^*J^nformation from R. W. Walter, Assistant Chief Engineer, by courtesy of Chief 
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red lead showed decided deterioration. Tar paint was in very good condition. At 
end of 1914, red lead had almost entirely disappeared where it came in contact 
with water. Tar paint was in good condition in penstocks, but was getting thin 
on outsides of draft tubes. Tar adhered well and when scraped off left metal 
bright. Conduits 4 ft. 4 in. in diam. through concrete Arrowrock dam were very 
carefully made with wooden forms, surfaces trimmed, scraped, washed with grout, 
and then painted with two coats of water-gas tar and two coats of coal-gas tar. 
Water-gas tar was used thin, so that it soaked well into pores of concrete, causing 
coal-gas tar to enter concrete and bind particles together, completely filling voids 
at and near surface, and giving concrete a slick and fairly durable finish cheaply 
and easily applied. After a season^s service under velocities up to 64 ft., this 
paint was in good condition. In fall 1915 a metal flume on Sun River project was 
painted with various brands of paint. The tar paint did not conform perfectly 
to specifications (fats were not removed from water-gas tar; coal-gas tar was too 
thick and only one coat was applied). In December, 1919, after four seasons^ 
service beneath water, one proprietary paint had completely disappeared and 
others were peeling liadly; tar paint was peeling in places and metal rusting 
beneath. The paint on the outside was still intact, however, and also on the inside 
above the water line. In 1914, a flume was installed on Boise project to test rust- 
resisting qualities of various brands of metal sh(a?ls, both black and galvanized, 
and incidentally to determine value of tar as protective coating. Tar paint stood 
the test of 4 years under water excellently. Metal was new when paint was applied 
and there was a possiliilit y that, on account of smoothness, it would peel, but there 
were no signs whatever of peeling, and, especially on the galvanized sheets, it 
looked almost as good as when first applied. On IJncomi)ahgre project a number 
of flumes were given a coat of water-gas tar followed by a coat of coal-gas tar, 
thinned with water-gas tar. In a number of cases the coating was too thin, either 
running to bottom of flume or checking and cracking on sides exposed to sun. 
Since summer of 1918 coal-tar has been used without thinning, with good results. 
Best results have been obtained when tar was applied before flume had been used 
more than one season, and when tar was applied in warm weather. When applied 
in cold weather, it would not stick, but blistered and i)e('led. It was fopiid essential 
to clean it thorouglily, removing all rust from slunds and joints, and to have them 
perfectly dry and free from dust. Tar was applied hot with heavy brushes or 
burlap swabs. Joints should be retarred every fall and entire flume every second 
fall. A heavy coating of tar has proved best protection for flumes. 

Protective value of tars and method of applying them are not well understood 
by trade and by structural manufacturers. Producing companies are primarily 
interested in gas and usually make no attempt to control tar. Tar varies according 
to coals or oils used and conditions incident to manufacture of gas; products 
from one locality may differ from those obtained from another. Not all tars are 
suitable for paint; all materials should be purchased under definite specificatiops. 
It is not always possible, however, to require a given plant to meet requirements. 
The value of tar sold for paint is too small in comparison to value of gas to justify 
any change in materials or methods. It is a case of selection rather than of control. 
A number of plants have paint departments which specialize in refinement of tar 
for protective coatings. Water-gas tar as it comes from the retort contains a 
large quantity of water and fatty oils. So-called refined tar has only the wat0r 
removed. The oils render the tar so slow drying that it is inconvenient for use as 
a paint. When fatty oils, which are claimed to add nothing to value as a protectivo 
coating, are removed, the product, water-gas pitch, will not flow, but can be cut 
or thinned to consistence of paint by light oils or creosote, or light petroleum dvh 
tillate. From 40 to 60 per cent, of thinner is usually required. It is claimed that 
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certain acids in creosote tend to react with steel; hence creosote should iiot be 
used in paint for me^l work. On account of its preservative properties, creosote 
is desirable for. use on wood. Light oil or gasoline, when used for thinning, entirely 
disappears as coating dries and serves no useful purpose other than to assist in 
spreading the pitch. Coalrgas tar can be obtained of any consistence, from that 
which can be applied with brushes without heating to that which requires con- 
siderable heating. Tar having a melting point of 105 to 110°F. by cube method is 
plastic at 50°F. but not liquid, nor hard and brittle like pitch. It may be thinned 
by heating or by adding creosote or light oil; for brush work or dipping heating is 
preferable. If paint is to be applied with spraying apparatus, the tar cannot be 
heated, since mixture of air and hot tar is explosive. Both creosote and light oil 
used for thinning tar paints are distilled from coal tar; the light oil has the appear- 
ance of water. Tar paint is economical in first cost, but must be worked in an 
entirely different way from ordinary paint and many painters find it difficult to 
handle at first. No painting should be done on chilled or damp metal. If nature 
of articles permits, they may be dipped. A quantity of light steel pipe was so 
treated on Okanogan project, Washington, and results appear to be satisfactory. 

Quantity of tar paint required to cover a given surface depends upon consist- 
ence, method of application, and nature of surface. Ihjughly, 1 gal. of water-gas 
tar will cover about 160 sq. ft., and 1 gal. of coal-gas tar about 80 sq. ft., for one 
coat each. 

Los Anggles waterworks has used nothing else for 13 years. Some aqueduct 
siphon pipes were repainted outside only after 10 and 11 years’ service. They 
were very durable where exposed to elements and buried parts are found on 
uncovering to be as bright as when laid. Inside these pij)es the coatings seem to be 
almost entirely intact. Chief Engineer Mulholland strongly recommends use of 
water-gas tar for painting steel pipe. 

Tar-cement Paint. A paint made by mixing 20 per cent, of dry Portlands 
cement with any good grade of coal tar, heating, and then thinning with a 
small quantity of kerbsene, if necessary, is recommended by American Rolling 
Mills Co. for smokesta(!ks, culverts, pij)es, and other iron and steel. Ordinary 
coal-tar contains some acid, w'hich the Portland cement neutralizes. It is 
used by flume manufacturers. In Southwestern United States, where alkaline 
conditions are severe, tar-cement paint is recommended for culverts and flumes 
by Federal Bureau of Public Roads. 

Coating at Field Joints. It is not necessary to remove coating, except 
where it interferes with putting pipes together; it is melted by hot rivets and 
helps to make joint tight; it may be claimed jihat coating prevents sheets from 
coming into actual contact and therefore weakens joints by acting as a 
lubricant, but trouble on this account is not experienced in practice. 

Coating Outside of Pipe Only. Asphalt or a similar dip coating may be 
confined to the outside of the pipe by whitewashing the interior and then 
scraping off the coating after the pipe has been dipped. This is the method 
used in keeping machined flanges free from coating, and would cost at least 
twice as much as coating both inside and outside. To close the ends of the 
pipe with bulkheads and load it so as to sink into the dip is less practicable. 

Repairs to 'Coating. If necessary to patch scarred places, one method is 
to heat the coating by a plumber's blowtorch until the old coating all around 
is fluid; when the defect is small, the old coating can be made to flow over it, 
but large> some coating material previously heated is applied with a b^i^h 
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and the flame turned on, making the .new join the old. Coating will take fire 
if the torch is not used carefully; it Is hard to extinguish, especially in summer. 

Defects in Coating, A perfect, homogeneous coat would he a non-con- 
ductor, Coats generally contain minute air or gas bubbles, and abrasions 
occur during handling and transportation; also the coating itself may not be 
impermeable under high pressure; thus water finds direct contact with the 
metal and electrolysis starts. No coating has proved permanently successful; 
in a short time elasticity and adhesion are lost. 

Observations show that, at first, coatings usually adhere on nearly the 
entire surface. Repeated examinations of pipes in service have shown 
that most, if not all, bituminous coatings deteriorate greatly in a relatively 
few years. Asphalt coatings seem to lose elasticity and become brittle. 
After 2 years^ service, coatings, particularly those that go on heavily and lack 
tenacity, form blisters, ranging in size from those the size of a pinhead to 
those the size of a hen’s egg, holding alkaline water which contains more 
solids in solution than the water passing through the pipe, but the iron or 
steel beneath will generally be bright, and tubercles will be found in the 
vicinity. Sometimes pittings occur under the tubercles. They have been 
found 0.093 in. deep after 10 years’ service. Danger is that a blistered 
coating will eventually exi)ose a large surface of pipe. Blisters /;an be pro- 
duced quickly by passing a current of low voltage through sea water, using 
strips of sheet iron for positive electrodes and similar coated strips for negative 
electrodes, with edges protected by paraffin; 12 to 24 hr. will produce blisters 
with some coatings. The walls of large blisters are about -5^ in. thick; they 
are easily broken. Blisters generally are largest on the lower quarter of a pipe 
^and decrease in size and number toward the top. Experience in Eastern 
United States has been that steel pipes coated with any asphalt compound ‘ 
show a decided reduction in carrying capacity after a fcw years.* This loss 
results from: (1) growth of vegetable matter; (2) deposit of mineral matter; (3) 
formation of tubercles of rust;t (4) formation of blisters in coating. As to (3) 
and (4), experience on some parts of the Pacific Coast has been different, pipes 
of considerable age having developed neither. 

Asphalt coating of a 42 in. pipe in Paterson, inspected when 20 yrs, old, 
had cracked and shrunk until but 33 per cent, of the original coating was left 
An 8-inch pipe, of same age and coating, had coating nearly intact. Possibly 
the diameter has a bearing on the tenacity of the. coating. 

Examination of a large number of preparations, applying tests, showed 
that asphalt preparations and petroleum products do not adhere closely to 
steel; petroleum products are most resistant to the acjtion of water, but no 
more so than coal-tar, which has the advantage of being tenacious with less 
tendency to blistei^, especially when used with about 3 per cent, of linseed oil.t 

MORTAR LINING AND CONCRETE JACKET 

Mortaf-lining experiments! made for the Catskill aqueduct showed that 
a lining li to 2f in: thick of mortar or mortar and tile is of sufficient strength 

♦ The«aiiieiBtrueof Gldoait*iPonpipeB;seep. 387 . # 

1 These were removed by sandblast on a penstock of Pacific Gas & Electric Co.,^nd friotion bead 
of newly pi^iited pipe was reduded 35 per cent.'* 

t At mwranoe, Mass., are Hveted wrought^-iron pipes, some coated with coal-tar piteb, And soPkb 

Aith red ieddt jn good conditldn^f^«M^ , ■■■■ ■ ■•■ 

I IflOR nMUiirlL crf Waiter SuDolv. n. 68. ^ 
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to maintain its position within a 9-ft. or larger pipe, acting as an arch; in 
smaller pipes the arch would be correspondingly stronger. It is feasible by 
several methods — grouting around a cylindrical form or a mandrel preferred — 
to produce a hard, smooth lining in a pipe. Durability of steel protected by 
concrete or mortar depends not so much bn the ability of the lining to exclude 
all water as to stop circulation in contact with the steel. 

In the CahkUl aqueduct 14 minor valleys are crossed by three steel pipes, 
of which the first was laid in 1909, and the second and third lines in 1921- 
1923, thereby securing the benefits of deferred investment. Total length is 
33,031 ft.; heads range from 50 to 340 ft.; diam., 9 ft. 6 in. to 11 ft. 3 in., in 
original pipes; smaller diarn. in some later pipes after hydraulic tests had 
established capacity of 1909 installation. Plate thickness vanes from 
iV to h m. The following description applies to the earlier pipe, although 
mainly true for latei pipes.* In view of knowledge concerning the usual coat- 
ings, the engineers decided to clean the plates, cover the pipes, after laying, 
with a 6-in. jacket of conciete, and line with 2 in. of cement mortar. Pipes 
were tested at the shop and shipped in 15-ft. lengths, laid on concrete cradles 
in the bottom of the trench (Fig. 139), tested in trench under normal hydro- 
static pressure and made tight, and, while still full of water and under full 
pressure, jacketed with concrete. These precautions were necessary, as varia- 
tion in sha]X3 would crack the jacket; pressure was maintained until the 
jacket had hardened, the water was emptied out, the pipe cleaned, and the 
lining put in. The lining iii these Catskill aqueduct pipes consisted of 1 part 
Portland cement and 2 sand, approvimately. The fust step in lining was to 
place the invert about 8 ft wide, scieeded to template; cylindrical wood 
forms in segments were then set up and the lemainder of the lining poured, 
as a thin giout or moitai, thiough holes in the top of the pipe. These holes 
were tapped for 2-iiv pipe in the uphill end of each 15-ft. length, through 
which hot ri\ets were passed, and later mortal ])ourcd. Mortar, or giout, was 
mixed to a thick, cieamv consistence and allowed to flow into place as uni- 
formly as possible. When the section was filled to the top, pouiing of grout 
continued until giout lan fioni the air inlet; then headers of steel pipe were 
screwed into the inlet and outlet end filled with grout so as to put a head of at 
least 4 ft. on the highest jiart of the section; the headeis were kept filled with 
grout until the grout had set, the pqK's weie then lemoved, and the holes 
made watertight by sciew plugs. Some fine cracks api>eared in all linings 
during the fiist winter, pipes being empty;’ this was not a cause for appre- 
hension. One siphon was bned with a cement gun; this lining was built up in 
successive lay('rs and finished with a trowrel to a very smooth surface. After 
15 years, linings are in excellent condition. It is important not to let the 
lining dry quickly. 

Adhesion of mortar lining and concrete jacket was not absolute every- 
where, as was proved by sounding, but the separation was very slight, as was 
determined by cutting into selected hollow-sounding places. Some cracks , 
and separations had been predicted and probable results investigated at the 
laboratory before the contracts were prepared. In one test six steel plates 
8 X 16 in., 12 gage, were pickled, then rubbed with emery cloth and placed 

* See / TT. W A , Vol 26, 1911, p 346, B N R, May 17, 1923, p 866, and ateo Sap|»€»ra 
and Zipeer, T, A. S.C E, Vol 83, 1920, p. 1062. 
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horizontally in a tank, separated from the bottom bf the tank by alberene 
stone blocks and from each other by wood strips. First pair was without 
protective covering; second pair had upper surfaces protected by 2J-in. 
mortar slabs separated from the plates by 0.04-in. metal strips; third pair was 
protected by 2-in. mortar slabs cast directly on the steel and apparently adher- 
ing firmly. Tank was filled with Croton water 4 in. above the top slab and 
renewed twice monthly. After 2 years the first pair showed heavy corrosion ; 
second, very slight corrosion, most of which washed off ; third, part of surface 
was clean and wet, the remainder dry and covered with firmly adhering par- 
ticles of mortar, no rust being found when the mortar was broken off. In 
another test four concrete slabs in. in diam., 3 in. thick, were made of a 
rather dry mix, 1 part of cement, 2.7 gneiss screenings, 6.3 crushed gneiss, by 
weight; four soft steel rods, f in. in diam., 3 in. apart, were ])laced in the 
middle of each slab, so that there were at least TJ in. of concrete in all direc- 
tions around each rod. When set, two slabs were immersed in water in tanks 
2 ft. deep; two had bottomless galvanized-iron cylinders, 151 in. in diam., 
cemented to them and water maintained 20 in. deep. Latter slal)s, submitted 
to percolation, leaked freely at first, but became gradually tighter; during the 
last few months there was little leakage. Tests were made in o])en air, July, 
1907 to March, 1909 — 20 months. Slabs were broken and all rods found per- 
fectly free from corrosion. Concrete as broken was found* thoroughly 
saturated, showing that the water had full access to the rods. Experiments 
briefly mentioned in E. 7?., May 8, 1909, indicate that painted bars embedded 
in concrete and subjected to moisture rust more quickly than unpain ted ones. 

Merits of Mortar Lining. The carrying capacity is increased 25 per 
cent, over that in unlincd new steel pipe of same waterway .25 The lining 
affords protection for the metal. In Little Falls, N. J., a 66-in. steel filter 
influent pipe had J-in. mortar lining (1 Portland ceiiKyit: 2 sand) plastered 
over several coats of neat Portland cement grout on an asphalt coating. 
After 5 years^ service it exhibited no* cracks nor tendency to loosen, and no 
rust had appeared, neither was the elasticity of the coating lost, although 
sections of the pipe not so treated had no longer any elasticity in the asphalt 

coating and rusting had extended right up to 
the mortar. 

Red Mountain bar siphon, Hetch-Hetchy 
aqueduct, 15 consists of riveted pipe, 9 ft. 6 in. 
in diam. fabricated in shop in 24-ft. lengths, 
each of three 8-ft. courses; plate thickness, 
A to -J- in.; weight of field section, 12 to 16 
tons; metal protected (Fig. 140) by a jacket 
of 1:2.5: 5 concrete from 18 to 24 in. thick, 
and a mortar lining 2\ in. thick, of 1 cement: 
1 .5 sand. Forms for lining were sheathed with 
stave.s furnished by wood-pipe makers. Mor- 
tar was poured through 2J- in. saddles at 16- 
ft. intervals. #; 

Othor Projects. At Newton, Mass., 80-in. steel pipe was lined with 
2 in. of Portland cement mortar, for Metropolitan Waterworks. For Jersey 





Fig. 140. — Red Mountain Bar 
siphon, Hetch Hetchy aque- 
duct. »• 
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City conduit, 72-in. steel mains under Hackensack River were concrete 
jacketed; see E. N.j Mar. 12, 1903. The recent line has 3-in. shell reinforced 
with mesh, placed by cement guns; see E. N. R., July 24, 1919. A 24-in. 
line in California has a reinforced-concrete casing designed to resist full head 
when the steel pipe rusts away.^® A 33-in. steel pipe of Dominguez Water 
Co. ,5® corroding in alkaline soil, was reclaimed by jacketing with a 2-in, 
shell of concrete reinforced with heavy wire.* 

DURABILITY t 

Coolgardie pipe, 20 ^s laid, was but 5 in. thick for heads up to 390 ft. 
Annual cost of maintenance varied from $107 to $707 per mile (average $257) 
for the first 12 years ( 1 902-191 5) . The original cost was $10,700,000. J Exam- 
ination after 12 years showed original coating good where pipes lie above 
ground, but more or less perished below ground. External corrosion took 
three forms: rusting, pitting, and scaling; about 4500 holes in 12 years, or 
one every 400 ft., are due to external corrosion. Scaling oc(;urs around leaky 
joints in salt soil (rnorrel gum) ; it is hard to detect and is, therefore, the most 
dangerous form of corrosion. Some pittings were \ in. deep. Gore2i claims 
unfavorable factors: exj)os(Hl in transit, and left lying in hot sun as long as 
2 years before laying. The carrying capacity was reduced by 44 per cent, by 
the nodules formed. See Longley, J. N. E, TF. W. A., Vol. 39, 1925, p. 421. 

Deterioration of Steel Pipe in Akron.22 Thirty-six inch lock-bar pipe, 
laid 1913-1914, 11 mi. long. After 5 years a stretch 1 mi. long in wet clay 
evidenced severe corrosion. Mild stray current was found flowing on pipe 
and leaving it in the corroding area 3 mi. from nearest trolley tracks, to follow 
a route of low resistance in the natural ground back to the equally distant 
power house. Construction was thoroughly inspected. Coating was speci- 
fied as hot coal-tar pitch varnish, but had to be altered to “Pioneer Mineral 
Rubber, owing to difficulties in controlling mixture and tem])crature. Con- 
struction complications left the pipes exposed on ground throughout one 
winter. Mineral-rubber coating broke down where it had been in contact 
with the sod. Final inspection revealed loo.sening of interior coating at field 
joints, necessitating rei)airs. Pii)e was put in service August, 1915. In 
November 1919, leakage disclo.scd two holes; pipe was found badly pitted 
outside with numerous blisters, from -J- to H-in. diam., inside; 20 holes devel- 
oped to 1922. Soil conditions (sand, clay, ishale, ashes; in general, wet) are 
termed by Professor Veazey “favorable to rapid corrosion of steel pipe.^^ 
Pyrite-bearing shales and clay are especially destructive. Bituminous coating 
is a detriment if it becomes porous and spongy. Wet conditions, rather than 
electrolysis, are held the cause of this pipe failure. Constituents of the soil 
and its moistness (causing local electrolysis), rather than stray current, are 
probable cause of corrosion. 

Penstock Deterioration.23 Where a porous backfill allows free drainage 
away from painted steel but slight deterioration has been found in 20 years. 
Impervigus clays have proved injurious; pittings i in. deep have resulted. *. 
In all soils where the backfill extends only to the horizontal diam. of the pipe, 
corrosion seems most rapid on the sides and for a depth of 12 in. below the 

l iteel p?pe8 oentrifugally lined with concrete are being promoted by Eaat tlpe € 0 ., 
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ground line, due, apparently^ to extreme variations of temperature and 
moisture.* 

Other Experiences. Fittings in 17 year old New Bedford steel pipe 
attained maximum depth of 0.11 in., or one-third the pipe thickness.24 At 
Pasadena,®® distribution pipes, 4- to 30-in. diam., have been in service 40 
years. For Rochester exjxiriences, see report by John F. Skinner, 1913, on 
‘'Steel Plate Pipe Steel pipes laid across tidal meadows for Atlantic 

City, Bayonne, Jersey City, deteriorated extensively. Steel piix) siphons 
(diam., 7 ft. 0 in.; plate, iV in. thick) at Sudbury River and Happy Hollow 
on Weston aqueduct after 17 years’ service (1923) showed pittings on interior 
up to 0.15 in. thick — 34 per cent, of initial thickness. Pittings are 0.10 in. 
deeper than when inspected in 1908. Pipe arch bridge, built 1900 over Sud- 
bury River (90-ft. span), has not leaked nor shown signs of distress. 

Life. For Catskill aqueduct studies 35 years was assumed as the renewal 
interval for steel pipe with the best dip coatings; so far as known, no steel 
main has been in use for that period. Bids for steel vs. cast iron for 60-in. 
Taw- water main for (’leveland filters were com])ared on the basis of 40-year 
life, although the engineers of the W^ater Department ‘Heel that 50 years will 
be more nearly the case.” Life of steel pq)e with the usual coatings may bo 
assumed 25 to 40 years. Steel pipes at Newark, N. J., about the oldest in 
Eastern United States, were laid in 1890-1891 and were in service in 1926. 
Sections of Newark conduit, removed by Foulks in 1925, indicated a further 
life of 15 to 30 yrs. Electrolytic action may destroy steel pipe in much 
less than 35 years. Electrolysis of St. Louis lock-bar pi)>e is described in 
E. N. R.j May 6, 1920, p, 911. See also reports of Am. Comm, on Electrolysis.* 

LAYING RIVETED PIPEf 

Placing Pipe. Calking edges of longitudinal seams s'hould be set face up. 
Lay tapered pipe with the large end upstream. Put no permanent blocking 
under the piix?; block up for riveting and remove the blocks as ba(ikfilling 
progresses. Artificial ventilation for ins])ection of the inside of the pipe is 
a necessity under some conditions. After the foreman says a length of trench 
is ready for pipe laying, it should be carefully inspected to see that it is down 
to grade and that the sides conform to required dimensions; for the latter, 
a template isi useful. Any projections inside the limits should be removed 
before the pipe is lowered into the trench. Whikj the i)ii)e is on skids over the 
trench, it should be carefully inspected inside and outside to see that the coat- 
ing is intact; injuries should be repaired. In entering a pipe into one already 
laid, great care should be taken to prevent distorting edges of plates. In 
teiiporarily bolting a new section to that already laid, the top of the suspended 
pipe is entered into the other and a bolt inserted through the top rivet hole. 
Care should be taken to see that longitudinal seams are all spaced approxi- 
mately equally on each side of the center line. Pipe is then gradually lowered 
and bolts inserted on each side of its top. To guide the inside plates, pries or 
bars with sharp, chisel-like ends are used. In case the edges of either plgte 
are distorted, they should be hammered just enough to permit entering, 

* See also ‘‘Corrosion of IVIetal Conduits,” by Hugo Ktihl, Oas u, Wasser/aehf Vbl. 45, 101^^ 
#p. 99-1O0, for a review of 

■ t to look-bttT pipe, eioept as to longitudinal seams. 
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While the pipe is being adjusted to line. and grade it should, if practicable, 
be suspended from the top of the trench by a sling and braced on each side. 
Should rivet holes come blind'' more than Vr in., remedy this before leaving 
the pipe. For example, when ready for bolting, pipe might lie in position 
first shown (Fig. 141). To bring the pipe to line bolt a few holes on side a 
and then jack end e. Thus the rivet holes will come fair at a and will pass 
each other at cb; when the holes are cut out for the rivets, the plates will cut 
back from the lap; thus not weakening the joint. When the holes come blind, 
so that slight drifting will not remedy them, the joint should be fitted before 
the rivet gang starts on the seam. In Fig. 141 the part 7nnop should be gouged 
out, reamed, or drilled, as determined by the insjKictor. On no condition 
except when rivets are driven from inside of pii)e (as in the bottom), should 
the part efgh be cut out, for if it is the rivet head will not cover the hole. 
It ma}^ become necessary to drill an entire new set of holes; the inner couivse 
should be pushed well into the outer course and drilled from inside. All burrs 
should be removed from holes by a countersink or burr reamer. Circular 
seams should be well bolted before leaving, using bolts of same diameter a&* 


c b be 
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the rivets, s])aced not exceeding six holes apart. In no case should drift pins 
be allowed to reinaih in holes in place of bolts. 

In constructing a steel-pipe siphon across a valley with steep sides, move- 
ments due to temperature may be nearly avoided by laying the pipe upwards 
both ways from the valley bottom. On recent siphons of the Catskill aque- 
duct where pipes were laid downhill movements were experienced — 15 in. in 
one case, and in another case a length of 540 ft. elongated 8 in. down a 19-deg. 

slope .25 

Field Riveting. As many rivets as possible should be driven* from outside, 
using a snap to form the heads. These can be driven to the points where 
radial lines make an angle of 45° from the bottom with the vertical. Two 
methods may be employed: either to use a snap, or to make a hammered head, 
as iii boiler riveting. Riveters, especially boiler riveters, prefer a hammered 
head, as they say it insures greater tightness. This may or may not be true. 
It is true in case holes come blind and have to be cut out, as then a hammered 
head entirely covers the hole, whereas a snap head may not. It is easiet to 
make a hammered head than a snap head, as a snap has to be struck with a. 
heavy sledge and room inside the pipe is necessarily limited. All seams driven 
on the bank should have snap heads, as the joint is accessible all around by 
roUing the pipe over. Plates should lie in clo.se contact at both calking 
if not well laid up, sufficient rivets should be cut out, the plates hammei^^l^it 
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and new rivets driven. After a seam is driven, all rivets should be carefully 
inspected. Any rivets with defective heads should be cut out. All rivets 
should be tapped with a light hammer, at same time holding a finger against 
the rivet head. A loose rivet is thereby at once detected. Loose rivets and 
those that jar at all should be cut out and new rivets driven. Do not allow a 
loose rivet to be calked. When rivets arc cut out, it is likely that rivets close 
by may be loosened, and if any are found these should be cut out also. Some- 
times the head of the last rivet in a longitudinal seam inaydap over the edge 
of the plate. This should not be allowed, as the head will not lie in close 
contact and a leaky rivet might result; the plate should be chipped before 
driving the rivet. Or the plate may lap over a rivet liead; this is worse, as 
poor calking would follow. Chip the plate hero, too, so that it will lie in close 
contact with the plate in the other course. Wlien holes come so blind that 
hammered heads will not cover the holes entirely, burrs should l)e driven 
into that part of the hole not filled by the shank of the rivet, and a perfectly 
tight job will result. 

Field Calking. Wherever possible, field calking should be done by 
machine. Before striking with a calking tool, the ])lates should lie in close 

contact at the bev(ded edge. The seam is first 
gone over with round-nosed fuller tool; after this 
a half-round fuller tool is used to finisli off. To 
make a fine apj)earance a cold cliisel may then be 
used to cut off the tliin scale of metal made by 
the fuller tool. This is not necessary, however, 
as the scam will l)e tight after using the half- 
round tool. Split calking, which is splitting the 
edge of a plate so as to make a beveled edge lie 
in close contact with another plate, is not allowed 
under some specifications. On the Sooke Lake 
36-in. conduit, split calking with an air hammer 
produced the desired results.26 It is commonly forbidden to drive strips of 
sheet metal between plates to accomplish same result as split calking. The 
only proper way to remedy such trouble is to cut rivets out, lay the plates up 
well, and drive new rivets. In the trench each field joint may be tested by an 
apparatus which puts pressure on a single joint, but it has been found that 
rigid inspection is better than anjr test. Tap every rivet and try every part 
of both inside and outside calking with a very thin-bladed knife, or a machin- 
ist’s 'Teeler.” 

Protection of Coating. Loading on, and unloading from, cars and trans- 
porting to the trench should be carefully specified and inspected. In one 'case 
unloading from cars was successfully accomplished by means of rope slings 
and a tall derrick. Two methods were used on one job in transporting from 
cars to the work; while snow lasted, one pij>e at a time was put on a specially 
constructed low sled, and rolled off sideways at the proper place; when there 
was no snow, pipes were put on to a movable skid lying on rollers in a light 
truck ; at the right location the skid and pipe were slid endwise from the wagon, 
and then tho pipe rolled sideways from skid; both were successful. After 



Fig. 142. — Apparatus for 
testing separate field joints 
(steel pipes). 
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being strung along the trench,* two or three pipe sections are often riveted 
together; in case it becomes necessary to move them longitudinally, a success- 
ful method is to roll the pipe sideways onto skids and move the skids and pipe 
on rollers. Placing the pipe in the trench and connecting it is sure to mar the 
coating. In cold weather there is no trouble in making everybody who has to 
walk on or in the pipe wear rubber shoes or boots, but it is impossible to keep 
them from dropping tools. In warm weather it is impossible to make men 
wear rubbers or to keep men with hard boots off the coating, though, as the 
coating is more pliable at this time, not so much damage is done. Damage 
may also result from riveting gangs, dropping tools, sitting on boards whose 
edges cut into the coating, dragging kegs of rivets, etc.; also from stones in the 
backfilling. It is specified sometimes to use canvas for covering inside and 
outside of the pipe to protect the coating during the above operations, but this 
is impracticable; the pipe often has water in it, and the canvas would freeze 
stiff in winter; it cannot be laid across joints to be riveted, and often a large 
quantity would be required to i)rotect all the pii)e exposed, besides requiring 
much labor and inspection to see that the canvas is always si)read. 

Closure pieces are required where a valve must be at an exact station, or 
obstructions passed, or a curve have an exact location, since the “ field 
stationing does not agree with the plan, due to play at field joints amounting 
to several feet on long tangents. When an important station is approached, 
a gap is left for insertion of the closure, which is ordered 3 ft. longer than 
distance called for on plan. The closure has riveted longitudinal seams, shop 
rivets being omitted for 3 ft. on one end. This enables erectors to slip that 
end over pipe already placed, the other transverse joint being in proper posi- 
tion. Required position of transverse joint is then marked, extra length 
burned off in the field, holes for transverse joint drilled, closure put back in 
place, and riveting of transverse and longitudinal joints completed. 

Twin Pipe Lines. Spacing center to center of a dual conduit is determined 
by the security required in case of a break in one line. The 11 ft. 3 in. steel- 
pipe siphons of the Catskill aqueduct are 45 ft. center to center. The 72-in. 
lines of the Jersey City conduit are 12 ft. center to center. The 60-in. raw- 
water lines at Cleveland are 8 ft. center to center, diverging to 10-ft. at cross- 
connections, wliich occur about every half mile. 

Earthwork* One foot each side of pipe affords spa(!e sufficient for riveting 
pipe, whether the trench is sheeted or not; many specifications stipulate 
payment over a width 3 ft. greater than internal diain. of pipe. For bell 
holes, an allowance of 1.5 ft. either side of pipe and 6 ft. long is sufficient. 
On recent work consisting of 4- and 6-ft. lock-bar pipe in 30-ft. lengths, where 
considerable time elapsed between laying and testing, bell holes were sheeted so 
that backfilling could be placed except at the bells; temperature effects were . 
thus reduced. If the conduit is laid through swampy ground, carefully 
selected material should be borrowed for backfill, and the original excavated 
material disposed of. In borrowing material, allow liberally for wastage 
due to settlement in the swamp. One conduit which was laid on the swamp; 
surface and surrounded by embanking to 3 ft. over the top, showed eventually 

• In dty streets, pipes stored along trenches must be guarded, to prevent children playing' la 
them and damaging coating; on one job considerable repairing of coating was required due to 
oirsants cutting initials in the soft coating. ^ , 



330 WATmwmKS^M^ 


but 1 to 2.6 ft. over top. On the Jersey Meadows, it has been found that a 
more durable pipe results if excavation is restricted in depth so that the top 
surface of enmeshed roots and growths is not penetrated; below this layer lies 
deep muck with properties injurious to metals. 

Earth-cover requirements differ in city and country; saving in excavation 
can be obtained in . the city by locating on park lands wherever feasible. 
Provide adequate cover in country at railroad and highway crossings. Many 
railroads require pipe either to be placed in culvert, or surrounded with 
concrete, to assure that no settlement can occur to break the pipe, and inter- 
rupt traffic. 

Catskill aqueduct had 3-ft. cover in the country (9- to 11-ft. diaiti.) ; and 
4 ft. in city streets (66-in. conduit). Pipe lines in country for Ogden, Utah, 
and Brooklyn had 3-ft. cover; Jersey City conduit, 3-ft. cover; Weston aque- 
duct inverted siphon, cover of 2 ft., except one stretch, 2.5. Where embanked, 
top width was 10 ft. minimum; side slopes, If to 1. 


Cast Bell \ 


L 


— 

■r/pe 


.Lead 

1. ^.Calking R >ng 


Connection of steel pipe to valvfvs or 
cast-iron pii)c. 


.\ n\\nn Earth , 



Concrete. 


'-Pipe 1 


Anchorage of steel pipe in earth. 
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Erection in Place. Many penstocks and some water-supply pipes have 
been built up, plate by plate, in place. Plates are bent to shai)e and punched 
in the shop and shipped nested; this involves two longitudinal seams. Some 
makers prefer this procedure for diameters above 8 ft., iyid claim economy for 
it; 18-ft. penstocks for Ontario Power Co., Niagara Falls, were built in place 
from J-in. ])lates shipped flat, the a\Wage speed being 48 lin. ft. per day .27 
Freight is cheaper for plates than for pipes. At Trenton Falls, the erecting 
derrick traveled astride tlie 12-ft. ])q)c as it was laid, handling the next length 
into position by boom. The maximum progress per 9-hr. day was 22.5 ft.28 
In field erection, give each piece an erection mark. 

Bends’*' are used to avoid obstructions and to change direction. On both 
riveted and lock-bar lines bends may be either riveted or cast-iron specials. 
On long lines, assume 5 per cent, of length as bends. If full-sized plates 
(7.5 and 15 ft.) are used, bends do not add greatly to the cost. On large con- 
duits, special bends of short chords and short radius are generally sublet to 
pipe shops which specialize on difficult work. Estimate cost of bends and such 
special work generally at one-third more per ft. than straight pipe. 

Bends fabricated of riveted steel are made similarly to old-fashioned stove- 
pipe bfends, f.c., each chord of the bend is a cylinder truncated on one or both 
ends. The amount by which the shortest element in the cylinder is shorter 
than the longest element is known as the “cut.'^ As a rule, for f-in. plate, a 
single cut should ):>e no ^eater than 5 per cent, of the pipe diam.; this meahs a 
cut of 2.4 in. on a 48-in. pipe. Keep the cuts, or bevels, the same- on eafeht 

. . .* For anchorage, see p. 3a4v^. .\' . 
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betid^if feasible, as computations are simplified and errors in shoi> lessened* 
With A-in. plate, one chord of. bend may be figured as subtending angle of 
6®; f-in. plate, 4®; T^?r-in. plate, 3®. 

Radius of bend should be selected, if practicable, so that the longest ele- 
ment of each section measures a plate length (7.5 or 15 ft.). Usually condi- 
tions require a shorter radius; the minimum radius is fixed by requirement, 
that minimum distance between gage lines of circular seams shall be 10 in. 
.Short radii make work a little more difficult, and interfere with dipping. One 
bevel on every second sheet only results in a curve of 280-ft. radius, approxi- 
mating a 20® railroad curve. No special advantage accrues from use of a 
standard radius. At one special location on tlie liayoime 48-in. line, condi-, 
tions necessitated a 6.5 ft. radius. On penstocks the Hydraulic Power Com- 
mittee recommends the radius be no greater than 5 diam. of pipe, as this 
allows better provisions for anchoring; in waterworks practice there is not so 
great concern with anchorage problems, although attention should be paid 
them. 



Fio, 144.“ Alincinent of steel pipes. Radius of curve. 


In stationing sl^rt bends for a conduit, office and survey work are 
expedited if no correction is made for the curve length, i.e., give stations 
for the P. C., P. I., and P. T. measured along the tangent. 

■ To Find Radius of Curve {Bend) in One Plane. With eciual angles at all 
angle points, center line of pi|X3 lies entirely outside the theoretical curve, 
touching it only at the midpoints between anglers; also the point of the first 
angle and the point of beginning of the theoretmal curve are not coincident.* 
This must be taken into account in both designing and locating curves, ordi- 
nary railroad curve formulas not applying without modification. If ^ = 
distance in ft. between angle points; T = distance in ft. from intersection of 
tangents to first angle point; I = total deflection angle; a = deflection angle 

at each point; R = radius of theoretical curve; then, R 2 ^ . 

R tan iZ — i i cot tan 1* If field and office calculations are based- 

on tangent measurements (see above), proceed as follows: Assume there is 
given only the deflection angle I of the tangents = 43°, pipe diam, 48 :in;,y 
and thickness tSt in. Inasmuch as no chord should subtend a greater 
then 8°, number of chords required = y- = 8+; use nine chords; ® . 

^46'. If plates are to be 7.5 ft. long, (ft + 24 in. + in.) X tan. 
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3.75 ft. Therefore R ■ 90.34 ft. — 2.03 ft. = 88.31, ft. The bevel on each 
end of each pipe = 48 X tan. 2®23' = 2.03. , Call it 2 in. (Never give cuts 
closer than yV 

Bends in T^vo Planes. Pipe cuts may be so made as to result in the pipe 
being bent in two planes; wherever feasible, it simplifies matters if the bend in 
each reference plane is made separately. The following calculation is for 
first condition, using a combination of simple curves. Assume point S 
depressed 7 ft. (see Fig. 145). Lay curve 1 on the regular grade; rotate curve 
2 on the tangent of its axis, at A, the point of beginning of curve, so that 
its end B drops half the vertical distance required; rotate curve 3 an equal 
amount in the opposite direction so as to be tangent to curve 2 at and have 
the tangent at *S horizontal. Lay 4 like 3, 5 like 2, and 0 like 1. Computa- 
tion of curves 1 and 6: Total given or assumed angle = 44®; make a = 
4° (a is angle between adjoining beveled sheets); first and last angles 
= \a. Assume 7-ft. sheets, 48-in. i)ipe, ■ radius R = 94.59 ft., using full 
sheets and no unbcvcled straight sheets between angle points. Make curves 
2, 3, 4, 5 of same radius and in same manner, f.e., as chords to tlie theoretical 



curve. Figure 145 gives the elements of one curve. kvAlowing assumptions 
were made: I should be a multiple of*4° O'; B =22® 0' or 2B = 44® O'; R = 
94.59 ft.; X = 3.44 ft. A rigid solution is complicatc'd, and so successive 
approximations may be made. If 7 = 24®, T = R tan J 7 = 20.11 ft.; 

5 = = 19.81 ft.; c = T cos 7 = 18.37 ft., and cos 7? = R = 

21® 59' 41"; 2J5 =43® 59' 22". See also p. 408. Some deflection can be 
gained in the field due to play in the rivet holes; on a 48-in. pipe, f in. thick, 
3 in. have been made in a 30-ft. length. 

Kpe'-line Testing. Sixjcial precautions should be taken for hydrostatic 
pressure tests on a steel pipe line, prior to placing it in service. (1) See that 
trench has been refilled between “Ixill” holes to prevent floating of pipe. 
(2) All test heads or gate valves should be securely braced. . (3) All blow-off 
valves should be closed. (4) No section of pipe should be tested without 
having at least one automatic air valve installed and in proper working order, 
.even though it may not be required for permanent operation. Open wide the 
gate valve, between the steel pipe line and the air value.2d Manufacturers 
furnish or rent movable bulkheads,. one type of which is shown in E. C., Oct. 
2p; 1915, p* 317. Where sectionalizing valves are installed at mile intervals, 
y they are a convenience for testing. 
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STEEL-PIPE DETAILS 


Plugs.^ For passing hot rivets into pipe, holes are made in plates next to 
field joints, IJ-m. diam. for rivets, to 2J-in. diam. for IJ-in. rivets; 
these holes are ultimately tapped and closed with steam-fitters^ screw plugs 
with tight-fitting threads; the plugs should not project far into the pipe. 
Wrought-iron screw plugs used in rivet-passing holes have given no trouble, 
beyond a little leakage easily repaired by calking; cast-iron plugs are poor 
practice. Plugs of form shown in Fig. 146 were used on Catskill aqueduct 
pipes. Because of slight yield in compression when screwed in and action of 
water pressure when in service, they are tighter. Threads must fit tightly. 


Soft lead grommets or washers 
are sometimes used under 
shoulders of plugs and squeezed 
tightly against pipe plate. 
Oi)enings in and |-in. plates 
should be reinforced by plates. 

Air Valves. See p. 446. 

Manholes on Catskill aque- 
duct siphons are cast steel. 
For common sizes of pipe access 
manholes of boiler type (Fig. 
147) are used; they are usually 
riveted on in the shop. A com- 
mon spacing is every 1000 ft., 
and at the foot of a steep slope; 
600 to 800 ft. was used on raw- 



2 "Pipe Thread 



Fig. 146. Fig. 14> — Manhole, teel pipe siphons, 

Catskill a(|ueduct. 


water conduit, Cleveland. Insert a thin plate for calking between a heavy 
t manhole casting and the pipe. On welded pipe, manhole and other saddles 
are welded on. 

Connections. If a connection for a small blow-off, air valve,* etc. must 
have an exact stationing, saddles (similar to Fig. 155) are often fitted 
in the field, openings being made by an oxyacetylene torch. On Los Angeles 
aqueduct, 4-in. couplings^® for irrigation connections are welded to the sted 
pipe. Large connections require use of closure pieces to assure correct sta- 
tioning. Blow-offs, if not free draining, require a well from which 

■ For design, see p. 446. , . 
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^can be pumped. At chambers or connections wi1)li cast-iron pii)es, steel 
pipes should be .reinforced with a band against which to calk the lead joint; 
this band should be riveted to the pij^e with the heads in the row farther from 
the end of the pipe countersunk on both sides and the end row countersunk 
on the inside only, the button heads furnishing a grip for the lead. Depth 
of bells for such connections should be 6 or 7 in., but in. may suffice for 
small pipes. Lead joints of bell-and-spigot tyjx? should he used for connecting 
steel pipes to valves, Venturi meters, and similar castings wherever contrac- 
tion of the pipes would otherwise break the castings. For flange connections 
to specials and valves in a steel ])ipe line use rolled, cast, or forged steel 
flanges — not cast iron. 

Gate valves in line are generally of the two-bell tyi)e, a reinforcing ring 
being riveted outside the steel pipe to strengthen it against calking and to 
retain the lead. Reducers are often used either side of the valve (see also 
p.437). 

Anchorages are provided in penstocks to take the unbalanced thrust of 
water flowing around bends. Analysis for design is given in 1923 report of 
Hydraulic Power Committee.* If pipe is l)iiried, th(‘ question of anchorage 
is not so important, although some provision should be made so that pipe 
will not pull out at valves, or other calked joints. Steel pij)es should be 
reinforced and anchored with concrete at gate chambers, for 20 to 30 ft. 
Curves, if of small deflection, need not be anchored. Sides and bottoms of 
trenches in firm earth may be notched, to save concrete and increase the 
strength of the anchorage. 

Steel Pipe as Bridge. A pipe subject to bursting pressure and used at 
the same time as a beam or bridge should be figured so that the maximum 
stress resulting from the two conditions will not exceed the allowable stress. 
If, comparing the total weight of the beam (pipe and c(jntained water) with 
the safe strength, the thickness is not sufficient for beam strength, rather 
than increase thickness, calculate body of pipe for bursting pressure only, 
and rely on longitudinal members (angles, tees, etc.) riveted to top and 
bottom for beam action. In determining thickness, allow liberally for rusting 
and deterioration in such exposed places as pi])e bridges are usually built in. 
Two 8-ft. ste(d pipes, supported on masonry piers, were used for stream con- 
trol at Olive Bridge dam for 2 years, without cover. There was one 42-ft. 
span with full pipe, one 47-ft. span half full; when removing the pipes, one 
span of 75 ft. occurred for 1 day with pipe one-(iuarter full; no deflections or 
deformations in the pipes were observed. These pipes had two double-riveted 
longitudinal seams, single-riveted ring scams 7.5 ft. apart, and i)lates -fis in. 
thick. Welded pipe manufacturers claim that 4()-ft. span is possible. . ^ 

WROUGHT-IRON RIVETED PIPE 

Durability of Wrought-iron Plates. Wrought-iron pipes in California 
50 years or more old are in good condition. Tests of wrought-iron and steel 
cups filled%ith warier and cinders showed loss by corrosion, in the former, of 
40 per cent, and in the lat^r of 89 per cent, f Sheet-metal mills call for wrought , 

i * N, E. L. A., O. G. Thurlpi^i Ohaiman. 
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iron plates, rather than their own steel plates^ for annealing boxes. Wrought* 
iron roofing has lasted 13 years alongside steel, which lasted only 3 year^. 
Iron smokestacks last 15 years, steel 3. Cost of riveted wrought-iron pipe 
is about 1.33 times price of steel. Sheet-iron pipes are used by East Bay 
Water Co. in sizes 12 to 20 in.32 

Specifications.’'' These specifications are given at length because of the 
care with which they were prepared by the company’s former chief engineer, 
Herrmann Schussler, and the successful results achieved. First used in 1903 
by Spring Valley Water Co., San Francisco, for 54-in. Ahuneda pipe, and still 
used in 1925. 

Manvfactnre of Flanged Boiler Inm, Take (‘harcoal iron blooms rolled into 
bars about 14 in. wide and 3 t ;0 4 ft. long, about 1 in. tliick, for bottom of pile. 
This bloom to be made of iron only, melted in c*har(‘oal fire and hammered into a 
bloom, then rolled into above wide flat bar. On this slab, bars and best scrap, both 
of char(‘oal iron, are closely and evenly packed crosswise and wdth flush or even 
top. On top of this pile, another 3- to 4-ft. by 14-in. by 1-in. slab, as above, is 
placed, making a pile S to 10 in. thick, or high. Thereupon this pile is heated 
to welding heat, put through rolls, and welded down to IJ-in. thickness, more or 
less, across grain of cover. Then pile is reheated and rolled out to width of finished 
plate xrilh grain of cover. Then slab is (juickly turned at right angles and rolled 
against grain of cover to full length of finished plate. Sera]) from sh(‘aring plates 
goes to make up next piles. Tensile strength shall be between 4S,()00 and 50,000 
lb. per .sq. in lengthwise with plate, 2 per cent, vaiiation allowed below lower and 
above upjier limit. Tensile strength crosswise wuth i)late shall not be less than 40,- 
000 lb. Blast 1 C limit about 32,000 and not less than 30,000 lb. per sq in. Elonga- 
tion 15 to 20 tier cent, in 8-in. s(*ctiou. Reduction of area not less than 25 per cent. 
Thickness shall not vary more than 3 per cent, above or below given standard. 
Each plate shall be sheared true to dimensions, with sides and ends straight and 
rectangular to each other. Sliqjping weight of ])lates shall not be more than 8 per 
cent, above nor 3 per cent below reiiuirqd weight of plat(* computed at 40 lb. per 
sq. ft. 1 in. thick, and thickness of plate at sheared edges shall not be less than 
97 per cent, of thickness specified. Each plate shall b(‘ flat, smooth, and even, of 
even thickness throughout, and free from warping, buckles, cracks, splits, flaws, 
rust, and all other defects. The iron shall be of American manufacture, close- 
grained, tough, and thoroughly pliable while cold, also allowing cold scarfing to a 
fine edge at laps, without splitting or cracking, and shall not crack between rivet 
holes, between holes and edge of plate while being rolled, or while rivets are being 
driven. All plates showing flaws of any ki»d or exhibiting a hard and brittle 
character, and that do not in every way meet above requirements, will be rejected. 
Plates may vary in width i\ in., but shall be not less than in. less than 60 
in., nor more than GOi in. In length, they shall be not less than i in. below nor 
more than i in. above lengths specified, (k)ntractor shall be responsible for storing 
plates under a tight roof in mill premises and in tight box cars, without exposure 
to moisture of any kind. 

Making 54-f??. Pipe. Plates and rivets of which pipe is to be made will be 
delivered at place of manufacture m San Francisco. The following table ehowe 
dimensions of plates and rivets. 

♦ Comm. J2, .4 W W .4 , is preparing specifications 
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Thickness, in. 

Weights, lbs. per 
sq.ft. 

1 Size of plate, in. 


A 

11 

11 

58X175 

58Xl76i 



Size of body, in. 

1 ' Rivet head 



Diam. j Length 


Rivets 

Seam 

Lap 

1 ! ii 

I j li 



During manufacture of pipes, all plates and rivets shall be kept under roof 
and cover, and in no waj^ exi)oscd to rain or fogs. I’ipe is to consist of large and 
small straight courses. Plates for large courses, 58 in. wide by 176i in., are to 
be trimmed to exact size, with opposite sides parallel to each other and corners 
rectangular. Plates for small courses, 58 in. wide by 175 in., are to be trimmed so 
that when punched and riveted into courses they fit tightly in large courses. 
Rivet holes are to be punched as follows: Center to center in each row of straight 
seams, 2J in.; center to center between two rows of straight seams, in.; center 
to center, round seam, 1| in.; center of seam to edge of sheet, I J in.; diam. of rivet 

holes, 1 1 in. Where, at end of each course, 
lap falls between two thicknesses of iron. 
Head plates shall be drawn to a fine edge, through 
which edge, upon riveting courses together, 
one rivet of round seam shall be driven 
to insure absolute tiglitness. Eac^h plate 
shall be rolled to a perfect cylinder of re- 
quired diam. All punching of plates shall 
be done by automatic and accurate multiple punching machine and not through a 
frame or templet — opposite lines of rivet holes to be absolutely stniight and 
parallel to each other and spaces between respective holes evenly divided. 

All riveting in shop shall be done with hot rivets and by hydraulic machinery, 
exeHing a slow pressure of not less than 20,(X)0 lb. on each riv(d head. Prior to 
driving rivet, plates shall be pressed togethiir by a slow sfpieeze from same machine. 
Head of rivet on inside and outside of pipe is to be formed by a cup in the die, 
and inside rivet head not to be higher than I in. and to receive, as nearly as pos- 
sible, shape shown in Fig. 148, while outside head may be i’',' in. high in center. 

At each junction of straight and^round seam where three thicknesses of iron 
come together, lap rivets are to be used. Straight seams are to be all on one side of. 
each length of pipe, alternating to right and left not more than 1 ft. Each pipe 
length shall consist of six large and small straight courses, with a large course 
at one end and a small course at other. All round and straight seams and laps are 
to be thoroughly split and calked in first-class boiler-works fashion, while for 4 in. 
from all laps all seams are to be chipped and calked. S. V. W. W, may test any 
length with water pressure up to 200 lb. at expense of contractor. Pipe must be 
absolutely tight under pressure of 200 lb. per sq. in. Small course shall be either 
chipped or ground with emery wheel to bevel of 45°, so as to decrease friction of 
water in pipes. All punching, riveting, calking, etc. shall be done with best 
workmanship, so as to insure strength and absolute tightness. S. V. W. W. is to 
dip the pipe in asphaltum coating and to transport to and distribute along ditch, 
for ai5)haltum kettles and tanks, and rig and power for handling pipe 
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b^ing dipped, and ample room for dry storage of pipe before dipping and for open 
air storage after dipping, shall be furnished by contractor. 

Laying Pipe, Pipe ditch and necessary joint holes will be dug by .S. V. W. W. 
Pipes are to be connected in ditch by inserting small course of one pipe into large 
course of other. Where pipe curves, strap joints are to be used, iron and rivets 
necessary for such joints to be furnished by S. V. W. W., strap iron being 8 in. in 
width and to be put on outside of pipe in two sections, with straight seams on sides, 
so as to form joints as perfectly as those required to be made in shop. Contractor 
is to roll, shear, punch, and fit bands, and employ best of workmanship in this work 
and in scarfing, riveting, splitting, chipping, and calking and other necessary work, 
as is required for pipe. The two straight seams of strap shall be chipped and 
calked, as well as round seam, for 4 in. on each side of laps. Where straps are used, 
lengths of pipe are to be so placed in ditch that ends of pipe butt together, or nearly ' 
so. Distance between ends of pipes at such bends, in widest part, is not to be 
more than 3 in. Before straps are fitted and riveted to ends of pipe, these ends are 
to be carefully scraped and entirely cleaned of coating for 3 in. from each end, both 
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Fig. 149. 

in and outside of pipe, same as all other joints made in ditch, so that strap joints as 
well as other joints make a perfect union of iron to iron. Round seams of pipe, as 
well as seams of strap joints, shall be riveted witli liot rivets, forming good, sub- 
stantial heads, both in and outside of pipe, of shape and proportions shown on p. 336, 
care being taken that a rivet is placed through scarfed edges of plate at all laps, for 
which laps lap rivets are to be ii.sed as specified for pipe. Where curvature of 
pipes is so great that above strap joints are insufficient to make pipe follow such 
curves, same is to be accomplished by iaserting one or more single courses, or such 
single courses intermingled with lengths of pipe. Contractor is to furnish man- 
holes, blow-outs, and air valves, and connect them with pipe in such places as chief 
engineer directs, each fitting being provided with a wrought-iron ring 1 % X 3 in. 
on inside, hot rivets passing through it and iron of pipe and flanges of fitting — only 
hot rivets being used; edge of plate shall be chipped and calked against inside face of 
fitting; rivet joints, as well as apj)aratus so attached, shall be perfectly watertight. 
Any plates or rivets injured or allowed to rust, or otherwise damaged by contractor 
wliile in his keeping, and before acceptance and dipping by S. V. W. W. shall be 
replaced at his expense. 

Contractor shall provide dry storage for iron and rivets, so as to keep moisture^ 
rftin, fog, ete., entirely away from them. Contractor is required to manufaetut!^ J: 
for <Mpping and transportation, for every working day after arri|^^ l^ 



338 WATERWORKS BANDBOOK 

t 

iron, not less than ft. of pipe, and is also, required to lay and conneet the 
same, after it has been dipped and transported by the S. V. W. W., in manner ‘ 
described and specified, at same rate per day as it was manufactured. 

Tests of Strength and Stretch, Engineers of Spring Valley W. W., San 
Francisco, tested (June, 1911) 36-in. riveted wrought-iron pipe made under 
specifications like above, with results shown in Fig. 149. Elongation of the 
iron or circumferential stretch of the pipe was measured by a tape wrapped 
around the pii)e and held by special apparatus. 

INGOT IRON PIPES 

*'Armco^^ Ingot iron resists corrosion through the elimination of inq)urities 
in its manufacture; the total of impurities is claimed as less than 0.1 6 per 
cent. Gaseous inclusions are reduced to the minimum. Since manganese 
is known to accelerate corrosion, aluminum is substituted for eliminating the 
iron oxide in the metallurgy ; it serves as a powerful deoxidizing and degassifyiiig 
agent. This degassification produces a dense and nearly solid structure. 
“Armco’’ Ingot iron has free welding powers. 

In Uncompahgre Valley, Colorado, U. 8. lieclamation Service, in 1911, 
built a 26-in. pipe of Ingot iron sheets, since the alkali soils along the line 
have a strong corrosive action on ordinary iron and steel. This is believed 
to be the first extensive use for jape lines. Si)ecifi cations called for following 
properties: ultimate tensile strength, not less than 4tS,00() nor more than 
52^000 lb, per sq. in.; elastic limit, not less than 35,000; carbon, not more than 
0.01 per cent.; manganese, 0.02; phosphorus, 0.005; sulphur, 0.02; oxygen, 
0.03 per cent.; and trace of silicon.^^ Correspondence shows that there has 
been no detailed inspection since putting into service, and that only repair 
up to 1921 has been minor repainting. ‘^Has stood up,in excellent manner. 


Table 81. Results of 28 .Tests of “Ingot” Iron Plates 


1 Max. 

Miu. 

Ave. 

Elastic limit, lbs. per sq. in 

Ultimate strength, lbs. per sq. in. . . 

Elongation in 8 in,, per cent 

Reduction of area, per cent 

Carbon, per cent 

Manganese, per cent ^ . . . 

Phosphorus, per cent 

Sulphur, per cent 

Oxygen, per cent 

46,750 

59,000 

37 

88 

0.02 

0.02 

0.011 

0.017 

0.037 

22,800 

40,580 

10 

40 

0.01 

0.01 

0.001 

0.022 

0.003 

34,840 

49.230 

26 

68 

0.012 

0.013 

0.0053 

0.02 

0.022 


SPIRAL-RIVETED PIPE 


Stresses in spiral-riveted steel pipe may be derived by the following , 

formulas * 

DP 

(A) To find unit stress, S, lb, per sq. in. in the plate, S ~ — sin* tf). ^ 

D, pipe diam., in in. ; P, internal pressure, lb. pfer sq. in. ; t, thickness of platen 
in in.; fl, the angle made by a tangent to the joint at the plane horii«<mta|y 
axis, Vi® h this axis,^ TO the spiral joint becomes 
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longitudinal joint, and formula reduces to the usual pipe formula: = -57-. 

(B) To find 0 for a given riveted joint efficiency of such magnitude that 
the strength of the joint will be equal to that of the plate for the longitudinal 
section: 


8ine = ^2- (g^), 


e is the efficiency of the joint, in per cent. 9 may be found by measuring 
the pitch py i.e.y the distance between spiral joints. Then tan 9 = tt-. 

In manufacturing* spiral-riveted pipe, a strip of sheet steel is wound into 
helical shajK^ with one edge overlapping the other for riveting; the sheet is 
drawn and formed in such manner that rnetal-to-metal contact in spiral seam 
is obtained, stretching steel on outer lap, slightly offset, in order that pipe 
may be more nearly smooth on inside. Riveting is done cold by compression, 
not by hammering, thus insuring complete filling of holes with slight counter- 
sink. Pipe comes from machines in a continuous piece, and is cut to any 
desired length. It is manufactured in sizes from 3 to 40 in., of various thick- 
nesses (see Table (S2). The patents of Abendroth and Stein of New York 
expired several years ago. Each length of pipe, when pressure is specified, 
is tested to 50 per cent, more than the working pressure before shipping. 

Advantages. Spiral-riveted pipe will stand a greater collapsing pressure 
than other steel pipe of same thickness. The wide lap of the helical seams 
gives great strength for spanning ravines or withstanding heavy earth fills. 
Spiral riveted pipe, G in. diam., 24 ft. long (No. 12 gage, double-extra heavy), 
has sustained, as beam supported at ends, a toal distributed weight of about 
2900 lb.35 The pipe is easily erected. Spiral-riveted pipe is used extensively 
in waterworks and hydro-electric plants for pressure up to 400 lb., for hydraulic 
mining under heaviest pressure, in paper and pulp mills, for suction and dis- 
charge on centrifugal pumps, in feed-water heaters, and for exhaust-steam pur- 
poses; especially adapted for long lines, where strength, dural)ility and price 
enter into consideration. Said to be 25 per cent, cheaper than cast iron for 
sizes under 10 in., and 35 per cent, for sizes 12 to 20 in. Iliis depends upon 
local conditions. 

Experience. Many pipes, galvanized or protected by mineral-rubber 
composition, have been in use over 20 years, and are still in good condition. 
Pipes of No. 16 galvanized steel have been in use in small water systems since 
1904. In San Gabriel, Cal., pipes under 35-lb. pressure have given no trouble. 
Lexington, Mo., pij)e was laid in 1887. Spiral pipes at Portsmouth and Gor- 
ham, N. H., Brattleboro, Vt., Langerville, Dixficld, Millinocket, and Lewis, 
port, Maine, were laid about 1902. A 24-in. spiral pipe, No. 12 gage, laid 
on Long Island in 1887, was uncovered in 1907, apparently in good condition ; 
in addition to tar dip, it was wrapped spirally with tar paper while coating was 
hot. Pressures in this pipe are light. 

yield Jointsf and Specials. Pipe should be laid with the laps in direction 
Of flow. Shop lengths can be of any length up to 30 ft.; they are equipp^;. 

: ' ^ Makers include Abendroth and Root. Newburg;h, N. Y.; American Spiral Pipe Works, 

Bros. M€g. Co.; and Crane Co., Clucago, lU. 

^‘Joints for Wrought-iron and Steel Pipe, 




' by R. S. Lord, J. Mm. S<Hi. WesfM 
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with some form of flange to facilitate erection (see Tables 83 to 88), or a slem 
joint of the Dresser type, shown in Fig. 150, is used. The Dresser joint allows 
slight deflections, and is claimed to take care of all expansion and contraction. 
It can be connected rapidly in the field; it is well adapted to pipe laid above 
ground. The slip j.oint (Fig. 150) is used largely for medium and low-pressure 
work; the sleeve, which is attached to one end of pipe, is wrapped with 
burlap or canvas soaked in red lead or liquid asphalturn, then driven into the 



Bolted doint* 

Fig. 150. — Joints for spiral-riveted pipes.* 


adjoining pipe; the lugs are then connected by wire in order to hold the pipe 
securely. 

Flanjges. — On spiral-riveted and welded pipe forged steel flanges may be 
used. They are attached in various ways, dependent on the pressures to be 
resisted, and the degree of watertightness required. Tables 83 to 88 give the 
important data for several types. Table 100, page ‘iDO gives corresponding 
data for cast-iron flanges cast on cast-iron pipe. In measuring for flanged 
pipes, allow y at every joint for the space occupied by the gasket. Always 
specify the type of drilling required: ^.c., straddle center or on center. In 
estimating w-eights, allow for bolts and nuts. 

Lap joints using extra-heavy high-hub flanges have met with favor for high- 
pressure work; extensively used in large power houses; made by heating end of 
pipe and turning it over the flange, then facing end of pipe; no possible place 
for leakage, except through gasket; flange is loose and can be turned to any 
position for alinement of bolts. This joint, with slight modifications, is 
known' under various trade names: Van Stone, Kellog Improved, Atwood, 
Cranelap, Walmanco, Pittsburgh, Mitchel Recessed Lap, Climax Rolled, and 
Whitlock Patented Joint. 

Shrunk and peened joint (Fig. 151), also satisfactory, is made by boring 
the flange a little smaller than outside of pipe and then shrinking the flange 
on while hot; end of pipe is usually peened into flange by hand hammer or 
expanding machine. Some engineers require large sizes riveted, in addition to 
peening. Considerable strain is put upon the flange by the shrinking and any 
other than forged steel flanges are unsafe. This joint is also standard for 
U. S.Navy., v . 


PLATE METAL PIPES (STEEL AND IRON) 

Table S2. Spiral Riveted Pressure Pipe** 



a Standard thickness for spiral riveted pipe. 6 Extra heavy, c Double extra heavy. 

Working pressure should not be more than 25 per e<*nt. of ultirnutii strength or bursting pressure: 
i.e., factor of safety should be 4 when w'orking pn'ssure is practically uniforin; for pumping pressures, 
or where there is probability of water-haminc*r, larger safery factor is advisable. Galvanized pipe 
is furnished in any lengths up to 20 ft., and asphalted pipe up to 30 ft. 

Nuts and bolt heads, by U. S. standard, should have the following dihien- 
sions, for both hexagon and square nuts: ^ 

Short diameter of rough nut = X diameter of bolt + i in. 

Short diameter of finished nut = Ij X diameter of bolt + xV 
Thickness of rough nut = diameter of bolt. 

Thickness of finished nut = diameter of bolt — xV 

Short diameter of rough head = 1§ X diameter of bolt + J in. 

Short diameter of finished head = IJ X diameter of bolt + x\ in. ‘ 

^ Thickness of rough head = ^ short diameter of head. 

Thickness of finished head = diameter of bolt — xe* in. 

The long diameter of a hexagon nut may be obtained by multiplyiM 
short diameter by 1.155 and the long diameter of a square nut 
diameter 'bv 1.414., . 
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Fig. 151.— Shrink flange (Table 83). 


Table 83. Standard (A. S. M. E.) Shrink Flanges, Forged and Rolled Steel** 

(Dimensions in Inches) 


Nominal 

diam. 

Outside 

diam. 

A 

Bore 

diam. 

B 

Thick- 

ness 

C 

Depth 
of hub 

D 

Diam. 
of hub 

E 

No. of 
bolts 

Size of 
bolts 

Diam. 

bolt 

circle 

©■ 

@ 


@ 

® 


@ 

® 

® 

4 

9 

4S 

H 

2A 

5| 

4 


7i 

41 

9i 

4i 

a 

21 

61 

8 

1 

7i 

6 

10 

5A 

}i 

2A 

6} 

8 

} 

8i 

6 

1 

6| 

1 

2 A 

7} 

8 

} 

9} 

7 

1 121 

n 

lA 

2} 

9 

8 

1 

101 

8 

131 

8i 

1} 

2| 

10 

8 

1 

111 

9 

15 

n 

1} 

2| 

11} 

12 

} 

131 

10 

16 

101 

lA 

3 

121 

12 

} 

14} 

12 

19 

121 

11 

3} 

14} 

12 

4 

17 

14 

21 

13J 

li 

3} 

15} 

12 

1 

18} 

15 • 

22 i 

14i 

1} 

3} 

16} 

16 

1 

20 

16 

231 

15} 

1 A 

3| 

18 

16 

1 

. 21} 

18 

25 

17} 

lA 

3} 

20} 

16 

U 

22} 

20 f 

271 i 

19} i 

iH 

4} ! 

22} 

20 

1} 

25 


Shrink flange with deep hub is made to comply with A. S. M, K. standard for cast-iron flanges. 
They are made from best-qualij^ open-hearth steel, and may be shrunk and peened on heavy pipe 
without danger of cracking. The.se flanges make reliable joints for medium- and high-pressure 
work. Flanges are furnished smooth forged to above dimensions except allowance on face for finish- 
ing. See more cxten.sivc table, p. 391 and 392. ^ 


Table 84. Extra Heavy High Hub Flanges, Forged and Rolled Steel 

(Dimensions in Inches) 


Nominal 

else 

Outside 

diam. 

A 

Bore, 

diam. 

B 

Thick- 

ness 

C 

Depth 
of hub 

D 

Diarn. 
of hub 

E 

No. of 
bolts 

Size of 
bolts 

Diam. 

bolt 

cii'cle 

4 

10 


U 

31 


8 

1 

71 


lOi 

4} 

u 

3i 

6i 

8 

1 

si 

6 

11 

5f» 

li. 


7 

8 

4 

9 i 

6 

I2h 

sf 

li 

3i 

7 ft 

12 

1 

104 

7 

14 

7} 

1 A 

3| 

9t 

12 

1 

Hi 

8 

15 

St 

li 

3J 

lOA 

12 

i 

13 


16 

9i 


34 

lit 

12 

i 

14 


17i 

104 


1 3 } 

124 

16 

1 

15i 


isi 

lit 

lA 

I 3| 

131 




■H 

20 

12t 

If 

4 

Hi 

16 

i 

17|’ 


22f 

13t 

ll 

4| 

16A 

20 

t ’ 

20 


23{ 




171 

20 

1 

21 


25 


U 

41 

1 18f 

20 

1 

224 


27 

17 1 

2 

5 

1 204 

24 

1 

244 


20i 

191 

2i 


221 

24 

It 

26f 


Ilanges are furnished smooth forged to above dimensions, except allowanoe on face lor fiii|shiiig» 
Thickness may be increased as desired. High-hub flanges are not suited for threading, as oorelii 
too large. ■ ' ■ 
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Fig. 152 — Flange for riveted steel pipe (Table 85). 

Table 86. Forged Steel Flanges for Riveted Pipe 

(Dimcnmons m Inches) 

A S M E Standard 


Nominal 

size, 

in 

Outside 

diaiii 

[ A ctual 

1 bore 

Thick- 

ness 

C 

Depth 
of nub 

D 

Diam 
of hub 

1 

No of 
bolts 

'Siso of 
bolts 

Diam 

bolt 

circle 

® 


® 

® 

® 

® 

® 



4 

9 

4 A 


lA 

4H 

8 

t 


6 

10 

5A 

A 

la 

5i 

8 

} 

8f 

6 

11 

(>A 

A 

la 

6i 

8 

i 

»i 

7 

12i 

7A 

A 

m 

71 

8 

i 

lOi 

8 

13i 

8A 

1 

li 

8i 

8 

t 

m 

9 

15 

9i 

i 

li 

Oli 

12 

1 

131 

10 

16 

101 

a 

Ul 

lOil 

12 

i 

14i 

12 

19 

121 

} 

2 

12ii 

12 

i 

17 

14 

21 

Hi 

i 

2i 

15 A 

12 

1 

18} 

16 

• 23i ! 

16i 

i 

2i 

17 

16 

1 

21i 

18 

25 

18 A 

i 

2i 

19A 

16 

n 

2*2} 

20 

27i 

20 A 

i 

3i 

21A 

20 

li 

25 

22 

29} 

22f 

1 

3i 

21A 

20 

u 

III 

24 

32 

24 i 

i 

3i 

25 A 

20 

li 

29t 


luiK<r ‘Jis'os can b( furnished on sptiial order Wlun quotations art wanted on flanges with 
holes in hub foi rivets state size and spacing J laiigts aic smooth foigtd toabo\t dimensions, 
shipped plain without hohs unless oidtiid otTurwise 


N ominal 
size. 


Riveted Pipe Manufacturers’ Standard 


o. ^ Diam 

bolts circle 


1 Hi 

i 121 

5 131 

J l-^i 

J l6i 

i 16i 


are smooth forged to above dimensions, cairied in st^k with and without 
M flan^ Slipped plain unless otherwise ordered Above standard adopted by leadKfifl; \ 
fi^rtufers of riveted steel pipe ^ 
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Fig. 153. — Standard companion flanges (Table 86). 


Table 86. Standard Companion Flanges, Forged and Rolled Steel 

(Dimensions in Inches) 



Flanges are furnished smooth forged to above dimenHions, except allowance on face for finishing. 
Standard companion flanges, made to dimensions of A. S. M. E. standard cast-iron flanges, can be 
used with standard valves and fittings. They are sufficiently strong for high pressures and in 
many cases may be used in place of extra-lieavy standard. The mcker is prepared to furnish tliese 
flanges faced, drilled, and threaded, every threaded flange being tested with lirigg’s Standard gage 
to insure perfect fit of thread.^® 


Table 86A. Weight of 100 Bolts with Square Heads and Nuts, Pounds 
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Fig. 154 — 1 1 mgod fittmgb foi pipes (Table 87) See also Tabic 101, p 391 


Table 87 Flanged Fittings for Pipes* 

(Dimensions m Inches) 


Diam 


Center to face 

C 

Center to face 

D 

Center to face 

r 

Face to face 

L 

® 


® 

0 

0 

0 

3 

3| 

2} 

9 

2} 

4 

4| 

2!l 

11 

2} 

12 

5 

■51 

3} 

12 

3 

12 

6 

6i 

3} 

13} 

3} 

12 

7 

71 

4} 

15 

4} 

12 

8 

8} 

4} 

17 

5 

22 

9 


5A 

18} 

5} 

22 


10} 

5A 

21 

5} 

22 

11 

11 

5J 

22i 

5} 

22 

12 

12} 

6 A 

24 

6 

22 

13 

13 

5} 

26 

6} 

22 

14 

14 

6 

27 

6} 

22 

15 

15 . 

6} 

29} 

6} 

22 

16 

16 

6}} 

.11} 

7 

22 

18 

16i 

si 

. 35 

7} 

32 


18 


38} 

8 

32 

22 



41 

9 

32 

24 

22 

11 

44 


32 

26 

2i 

13 



42 

28 

24 

14 



42 

30 

25 

15 



42 

32 

26 

16 



42 

34 

27 

17 



42 

36 

28 

18 



42 


30 




40 


Center to fate dinitnsions on other speculs On reducing oiitlits to tets crosses and \ s — no 
change on increasing outlets to tees — sanit as respectnc standards on incrtasing outlets to crosses 

— determined by standard of Urge st opening ^xTi.'rer^ 

♦Spiral Pipe Standard For 1914 standard of National \sHn of Master Steam & Hot Water 
Fitters, see pp 391 and 392 , 

Trade names of fittings in Fig 1 54 reading in normal order arc one fourth bend (or elbow), one- 
eighth bend (or elbow), tec, reducing tee, cross, reducing cross, Y-branch reducer (or increaser) 
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Fig. 155. — Tank flange (Table 88), 

Table 88. Forged Steel Tank Flanges 

(Dimensions in Inches) 


Nominal siae, in. 

Outside 

diam. 

Thickness 

Depth of hub 

Diam. of 
hub 

1 

5 

A 

« 

u 

li 

5i 

i 


2A 

IJ 

6 

i 

\ 

2A 

2 


i 

i 

3A 

21 

71 

ft 

1 

3A 

3 

8 

ft 

li 

4A 

31 

81 

ft 

U 

4fi 

4 

91 

f 

1 A 


41 

10 

I 

1} 

51 

5 

11 

I 


6A 

6 

12 

i 

li 

7H 


Threaded with standard taper thread. Following are smallest circles to which tank flanges 
arc bent; 1-in., IJ-in., IJ-in., 18-in. circle. 2-in., 2H»-. 3-in-, 30-in. circle. 3J-in., 4-in., 4i-in., 
5-in., 6-in., 48-in. circle. (Ain. Spiral Pipe Works. ) Flanged connections maybe substituted for 
screwed. 

Standard tank flanges are made to meet ji luied for llangt;s light(?r than the 
standard boiler flanges, and are especially suited to thin plate work, as they are 
readily drawn into place. 

PIPE WELDING AND CUTTING* 

Use. Welding and cutting by means of oxyacetylenet torch are used exten- 
sively in shop and field for fabricating and altering pipe lines of steel and 
wrought iron ; they are also employed to some extent on cast-iron lines. They 
have the merit of avoiding removal of the pipe to the .shop for modifications, 
as commonly all operations can be completed in field. They make feasible 
refinements in alinernent often desired by the hydraulician but impracticable 
with cast pipe and lead or flange joints. 

Wagner t state.s, after experience in welding more than 150 mi. of high- 
pressure oil lines, that three essentials for success are good equipment, com- 
petent operators, right welding rod (metal for making the joint). 

Welders must be carefully selected by test. In the test found most 
satisfactory, each candidate makes sami:>lc welds of short pieces of pipe, which 
are cut into strips and examined for penetration and to discover whether the 
welder made ^‘icicles.^^ The pieces are then put into a vise and bent until 
fractured. With this test it is easy to find out whether a welder gets fusion 
and not merely adhesion. Each welder should stamp an identifying mark on 
the pipe near each joint that he welds.36 

Specials* Flame-cutting tools combined with welding outfits make possible 
the cutting on the job of filling-in pieces and outlets for specials or other 
connections, at any angle. Specials, even the most complicated, can often 
be built upon the job from straight pipe and other simple partli. Space 
well as.time and expense can be saved. Flanges and gaskets can be avoided, 

■ * See **Somc Managemeilt Problems on Pipe Welding Jobs/^ by O. O. Carter, CwfiltieiC 

Engineer. Linde Air Produete Go., /. Am. Welding ,Soc,, Dec., 1923, p, 85. ' 

tJleetrie welding Is atoo eiiteiuMvely used. 
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or, if flanges have been used at certain places, they can be sealed at their 
edges and gaskets omitted. Alterations and extensions are facilitated. 

Cast-Iron Pipe. As a rule, it does not pay to weld cast-iron pipe and 
fittings because of the expensive precautions necessary. An example of 
exceptions is a broken large special casting where an extensive shutdown has 
to be avoided. A cracked 48-in. cast-iron main at Baltimore was repaired 
in place. 5® See also “The Use of Welding for Pipe Lines/’ by Sforzini, 
Power j Nov. 20, 1923, p. 798. Many water departments are now equipped for 
welding; see Bloomington, 111., experience in Am. Citijy 1924, p. 635. 

Steel Pipe. The many advantages of modern welding and cutting, in exten- ’ 
sion and repairs, as well as new construction, give increasing preference to 
steel pipe, extending to sizes too small to be riveted. For useful information 
and tables on oxyacetylcnc pipe welding and cutting, see “Gas Welded Pipe 
Joints” (The Linde Air Products Co.), New York, 1923. 

Failures of Large Sizes. Of an installation of four welded pipes two 
failed at the weld, one after being in service 7 years. Rupture showed the 
weld blistered nearly the entire length, and for 9 in. a flaw two-thirds through 
the metal. At the time of break, very cold water was beiiig drawn; it wa^ sup- 
posed that contraction caused extra stress at the weld (pipe was flattened at 
joint). Numerous lengtlis of tested pipe have had to be dis(;arded; a test of a 
few minutes is not sufficient. It is advisable to have as few cross connections 
as possible, and these, where feasible, normally closed. At another plant, of 
two lap-welded pipes, one opened at a weld shortly after installation ; after 7 
years another section opened at the weld; inspection showed aix imperfect weld 
and shearing of the outer portion of the steel from the inner along the neutral 
axis. At a third plant of two lines, partly 30-in., five sections were rejected 
in the field for defective welds; examination by drilling showed in cases less 
than half of the inetaHn contact. In another case, 24-in. pipe for a maximum 
head of 1068 ft. tested at shop, one section was found to have opened 5 ft. 
along the weld; after being in service 2 weeks another section opened at the 
weld. These failures were recorded 20 yr. ago, before the art of welding 
had advanced. 

Progress in Welding. The art has advanced rapidly in recent years. 
The Hydraulic Power Committee mentionsz® “great improvement in manufac- 
turing methods insuring a very uniform product.” 

Strength of Weld. Hydraulic Power Cornmittee^s reports only one 
failure of recently welded pipe, and this one indicated no flaw in the weld 
itself. 

It is universal practice to consider the efficiency of the weld as 90 per cent. 
This is the value guaranteed by the manufacturers; but innumerable tests show 
that the weld is practically as strong as the plate. Tests also show that the 
elastic limit of the steel is altered very little by welding, so that it is proper to 
assume the elastic limit of the welded joint as 90 per cent, of that of the original 
plate where the faetpr of safety is based on the elastic limit. • , ! 

Continental Iron Works reports an 18-in.* steam main bursting under 
1760 lb. test pressure, with the split 4 in. from the seam. 
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Tests, at University of Illinois, of oxyacetylene-flame-welded joints in 
steel plate up to 1 in. thick showed joint efficiency for static tension from 72 to 
128 per cent.; for tensile impact, 32 to 97 per cent. {Bvll, 98, Eng. Exp. Sta., 
1917). Tests at University of Kansas showed strength of a welded connec- 
tion equal to that of unwelded pipe.^r 

WELDED PIPE 

Manufacture. Commercial sizes of welded pipe, which are those com 
monly used for water-service pipes and heating systems, are made by pressing 
together the heated plates in rolls. Pipes from J to 3 in. are shaped and butt 
welded in one operation; sizes above 3 in. are lap welded, the welding being 
accomidished in rolls exerting a heavy pressure. The Continental Iron 
Works, N. W. Kellogg Co., and others make large pipe by heating the pipe 
to welding temperature, and rolling between two rolls, one of which is shoved 
against the other by means to exert a heavy pressure. Welding up to 2-in. 
plate is feasible. 

The joining of two pieces of metal by heating two edges in contact to a 
fusing temperature was known as autogenous welding, but ‘‘fusion welding’’ 
is preferred term. When the weldable edges are subjected to hammering or 
pressure, the process is known as forge welding. The Hydraulic Power Com- 
mittee advocates that penstock pipe be forge welded; fusion welding is not 
considered reliable enough for this class of work.23 

Hammer welding consists of heating the lapped edges of the pipe to 
weldable temperature, and then subjecting them to the repeated blows of a 
drop hammer. Hammer welding of large steel pipes originated in Germany. 
Continental Iron Works, Brooklyn, have made large tubes for years. Other 
American firms equipi>ed for hammer welding are: the American Welding Co., 
Carbondale, Pa.; American Spiral Pipe Works, Chicago, 111.; Blaw-Knox Co., 
Pittsburg, Pa., and the National Tube Co., Pittsburg, Pa. The last com- 
pany has recently put in equipment to make 20- to 96-in. pipe, with wall 
thickness of \ to In. Plates used by National Tube Co. conform to Speci- 
fication A 78-21 T of A. S. T. M. 

Advantages. In penstock design, it has been found in recent years that 
welded pipe is more economical than riveted steel .23 For water-supply sys- 
tems welded pipe, with some type of calked joint (see “Matheson” and “Con- 
verse,” p. 352), reduces weight %b i>er cent, for the same pressure and saves in 
joints per mi, (in an 8-in. line, 3940 lb. of lead per mi.). For service pipes, the 
smaller sizes of welded pipe, galvanized, have gradually taken precedence on 
account of lower price. Corrosion is a serious consideration; see Gerhard’s 
studies, J. A. S, M. E,, Vol. 40, 1918, p. 945. 

Disadvantages. The mill scale usually formed on rolled steel or iron has 
been found from tests to be a potential source of pitting. Commercial pipes 
having a particularly heavy and tightly adhering scale are susceptible to 
pitting. The National Tube Co. has recently developed, a process for pro^, 
ducing a pipe free from welding scale. Welded pipe is heavier than the same 
class erf riveted steel pipe ; this added thickness is held by the manufacturers 
to constitute an additional factor against corrosion. ^ 
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COMMERCIAL IRON AND STEEL PIPE 

Nomenclature. ''Steel Pipe/' "Wrought Steel/' and "Wrought Pipe" 
are trade names applied to welded pipe made of steel. Gerhardsz protests 
that the last two names convey a wrong impression. Pipe made of wrought 
iron is known by trade names, such as "Byers" or "Reading" and as "gen-, 
uine" or "guaranteed wrought-iron." A large percentage of pipe now used 
in water-supply services is welded steel. Gerhard’s investigation of actual 
installations52 disclosed the superiority of wrought iron in services. 

Designations. Standard pipe, known as Briggs standard, is designated 
by its nominal inside diam.; this is not the actual diam. (c/. Table 89). 
"Extra heavy" and "double extra heavy" have the same outside diam. as 
"standard" pipe, thickening of shell being secured by diminution of waterway; 
they are designated by the diam. of the "standard" sections. Calculations 
should be guided accordingly. Above 12 in., pipe is known as O.D., and is 
designated by its outside diam. 

To Distinguish Wrought-iron from Steel Pipe. Many tests are described 
in E. C.j Oct. 13, 1915, p. 295. W. R. Conard advocates immersing the 
metal specimen in a bath of 1 part sulphuric acid and 3 parts water, for 8 
hr. The pitting of the metal will show a granular structure if steel, a fibrous 
structure if of wrought iron.* 

Standard Specifications. A. S. T. M.: Welded and Seamless Steel Pipe, 
Serial designation A 53-21, adopted 1915, revised 1918, 1921; and tentative 
Specifications for Steel Plates for Forge Welding, Serial designation A 78-21 T, 
issued, 1919, revised 1920, 1921. The American Bureau of Welding and also 
Comm. 12, A. W. W. A., are preparing specifications (1925), f 

SpecificationsX for Service Pipes, Galvanized-iron pipe shall be standard 
size, guaranteed wrought-iron pipe, galvanized, full weight, equivalent to 
pipe manufactured b}^ A. M. Byers & Co., Pittsburgh. All pipe above IJ-in. 
internal diam. shall be lap welded. All .pipe less than and including I J-in. 
inside diam. may be butt wielded. Weights shall not vary more than 5 per 
cent, from following: 


Inside diam., in. 

Weight per foot, lb. 

In.sido diam., in. 

j Weight per foot,, lb. 

t 

0.84 

1 21 

1 5.77 

1 

1.12 

; 3 

! 7 . 54 

1 

1.67 

1 *31 

! 9 . 05 

2 

3.66 

4 

! 10.72 


Connections shall be made to main pipe by means of standard water-pipe 
clamp with threaded outlet. When possible, connections shall be made to 
main line at a tapped plug. All threads of screw connections shall be unbroken 
and cut full depth, and, before connections are made, well covered with steam- 
fitter's cement. The pipe shall be laid with a cover of not less than 2 ft^ 
and tested by hydrostatic pressure to 300 lb. per sq. in. 


* See also E. i2,, July 22, 1916, p, 110. 
t The A. S. T. M. adopted specifications 
I Brattle, Wash., Standards, 1910. 


for wrought-iron pipe up to 6-in. diam. in 1918. 
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Steel or Wrouglit*iron Pipe, Steadard Dimensions and We^tS 

See also Page 305 



Nc 

t 

nc 

imina] 
hick- 
ss, in. 

Internal 
circumfer- 
ence, in. 

External 
circumfer- 
ence, in. 

Length off 
pipe per 
sq. ft. of 
inside 
* surface, 
ft. 

Lengthf 
of pipe 
per sq. ft* 
of outside 
surface, 
ft. 

0 

.068 

0.848 

1.272 

14.15 

9.44 

m 

,088 

1.144 

1.696 

10.50 

7.075 

0 

.091 

1.552 

2.121 

7.67 

5.657 


.109 

1.957 

2.652 

6.13 

4.502 

0 

.113 

2.589 

3.299 

4.635 

3.637 

n 

.134 

3.292 

4.134 

3.679 

2.903 

m 

.140 

4.335 

5.215 

2.768 

2.301 

0 

.145 

6.061 

5.969 

2.371 

2.01 

K 

.154 

6.494 

7.461 

1.848 . 

1.611 

K 

.204 

7.754 

9.032 

1.547 

1.328 

K 

.217 

9.636 

10.996 

1.245 

1.091 


.226 

11.146 

12.566 

1.077 

0.955 

0 

.237 

12.648 

14.137 

0.949 

0.849 

m 

.246 

14.153 

15.708 

0.848 

0.765 

0 

.259 

1 15.849 

17.475 

0.757 

0.629 

■a 

.280 

19.054 

20.813 

0.63 

0.577 

0 

.301 

22.063 

23.954 

0.544 

0.505 


.322 

25.076 

27.096 

0.478 

0.444 


.344 

28.277 

30.433 

0.425 

0.394 


.366 

31.475 

33.772 

0.3S1 

0.355 

0 

.375 

34.55 

36.91 

0.34 

0.32 

0 

.375 

37.70 

40.05 

0.32 

0.30 

.J 


♦ Useful for fipiurinK clearunoe. 

t Useful for figuring heat losses in power plants, heating surface of boiler tubes, etc. 

Table 89. Steel or Wrought-iron Pipe, Standard Dimensions and Weights.— 

(('oniinved) 

See also Page 305 


Sise 
drills, 
in., to 
be used 
for 

tapping 


0.243 27 0.0006 ii ' 

0.422 18 0.0026 U 

0.561 18 0.0057 U 

0.845 14 0.0102 

1.126 14 0.0230 4 

1.67 Hi 0.0408 lA 

2.164 ' 96.25 2.258 Hi 0.0638 Itt 

2,835 70.65 2.694 Hi 0.0918 iM 

4.430 42.36 3.667 Hi 0.163 2* 

6.491 30.11 5.773 8 0.255 . 21* 

9.621 19.49 7.547 8 0.367 3A 

12.566 14.56 9.055 8 0.500 3tt 

15.904 11,31 10.728 8 0.653 

19.635 9.03 12.492 8 • 0.826 

24.299 7.20 14.564 8 1.020 

34.471 4.98 18.767 8 1.469 

45.663 3.72 23.410 8 2.00 

58.426 2.88 28.348 ^ 

73.715 2.26 34.077 

gp.762 1.80 40.641 

108.43 1.50 45.0 

im*e7 1.27 48.98 


Internal 

External 

area, 

area, 

sq. in. 

sq. in. 

0.0572 

0.129 

0.1041 

0.229 

0.1916 

0.358 

0.3048 

0.554 

0.5333 

0.866 

0.8627 

1.357 

1.496 

2.164 

2.038 

2,835 

3.355 

4.430 

4.783 

6.491 

7.388 

9.621 

9.887 

12.566 


12.730 

15.939 

19.990 

28.889 

38.737 


50.039 

63.633 


78 .^ 

95.03 

113.09 


0.0102 
0.0230 
0.0408 
0.0638 
0.0918 
0.163 
0.255 
0.367 
0.500 
0.653 
0.826 
1.020 
1.469 
2.00 
2.61 
3.30 
4.08 
4,93 
5. 87 
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Table 90. Dimensions and Weights of Large Outside Diameter « 
Wrought-ifon Pipers ♦ 


Thickness* 

' . 

1 

A 

i 

A 

i 

A 

i 

H 

i 

Outside 

Weight 

weight 

Weight 

Weight 

Weight 

Weight 

Weight 

Weight 

Weight 

diam. of 

per ft., 

per ft., 

per ft.. 

per It., 

per ft., 

per ft.. 

per ft., 

per ft., 

per ft.. 

pipe, in. 

lbs. 

lbs. 

lbs. 

lbs. 

lbs. 

lbs. 

lbs. 

lbs. 

lbs. 

14 

36.75 

45.72 

54.61 

63.42 

72.16 

80.80 

89.36 

97.84 

106.2 

15 

39.42 

49.06 

58.62 

68.10 

77. SO 

86.81 

96.03 

105.2 

114.2 

16 

42.09 

52.40 

62.63 

72.78 

82.85 

92.83 

102.7 

112.5 

122.2 

18 

47.44 

59.08 

70.65 

82.14 

93.54 

104.8 

116.1 

127.2 

138.3 


52.78 

65.76 

78.67 

91.49 

104.2 

116.9 

129.4 

141.9 

154.3 

22 


72.44 

86.68 

100.8 

114.9 

128.9 

142.8 

156.6 

170.3 

24 


79.13 

94.70 

110.2 

125.6 

140.9 

156.2 

171.3 

186,3 

26 



102.7 

119.5 

136.3 

152.9 

169.5 

186.0 

202.4 

28 



110.7 

128.9 

147.0 

1C5.0 

182.9 

200.7 

218.4 

30 




138.2 

157,7 

177.0 

196.3 

215.4 

234.4 


* Add 2 per cent, for weight of stool pipes. 


Table 91. Lap-welded Artesian-well Casing 


Nominal inside diam., in. 

Actual outside diam., 
in , not including 
couplings 

Nominal weight per 
ft , lbs. 

No. of threads per in. 
of screws 

2 

2i 

2.22 

14 

2 

t 

2i 

2.82 

14 

2 


2i 

3 13 

14 

2 

1 

3 

3.45 

14 


3 

3J 

4.10 

14 


3 

1 

3i 

4 45 

14 


3^ 


3J 

4 78 

14 


3i 

: 

4 

5.56 

14 


4 

4S 

6 00 

14 


4^ 

: 

41 

6.36 

14 


4^ 

: 

41 

9.38 

14 


4^ 

[ 

. 4f 

6.73 

14 


4 


4i 

9.39 

14 


4^ 

1 

5 

. 7.80 

14 


6 

5} 

8.20 

14 


5 

51 

9.86 

14 


5 

.■51 

12.80 

lU 

5 

5} 

15.88 

Hi 

5 A 

5} 

8.62 

14 


5 



12.49 

Hi 

5 

6 

10.46 

14 


5| 


6 

12 04 

Hi 

t 

5 


G 

14 20 

11^ 

, 

5 


6 

• 16 70 

Hi 

i 

6j 


Oi 

11.58 

14 


6 


01 

13.32 

14 & Hi 

6 


65 

17.02 

. Hi 

6 


7 

12.34 

14 


61 


7 

17.51 

111 & 10 

7J 


7i 

13.55 

14 


7 


8 

15.41 

Hi 

> 

7 


8 

20.17 

11, 

■ 

8i 


8| 

16.07 

11, 

: 

8J 



• 20.10 

11 




8i 

24.38 

lli&8 \ 

8 


, 9 

17.60 

Hi 


. 9 


10 

21.90 

IH 


10 


11 

26.72 



* 11 


12 

30.35 • 

ll! 


12 I 


13 

33.78 

u 
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Bends in welded pipes in small si^es— below 6 in. —may be made in the 
field cold or in the shop by heating. Pipe-bending machines are made by 
American Pipe Bending Machine Co., Boston, and Federal Pipe Bending 
Machine Co., Bayonne, among others. 

Field Joints. Couplings, The smaller sizes of pipe, such as used for 
house service pipes, and up to 15-in. diam. are connected by standard cou- 
plings, furnished by the pipe companies. If there is no room for coupling, 
''flush joint tubing'' may be used. Pipe threads are always Briggs Standard. 


-8 showing +he comparison ' 

c 1, 944,00c “mw«igh+ per mile ofciass'*C''r 
(£ 1,728,000 "Casi-fron Pipe No+ion«l 
c 1 512,000 “M«^hcsonJoin+ Pipe 
'S 1.29^000-' ■ ' ■ 

VC I.08Q00( 

^ 804,000 



Curve sh(Winq+he comparison in weigfif| | 
of leaol per mile required forjoinfs ^ 

in laying class'’C"iflsWron Pip» - 

end Nflhonoil Mfl+heson 

Joint P,-pe^_r45^,jC«f; 


NOTE, « 

9,600 ^ 

^ "^fies ofCasf JnttPhpi 7,200 ^ 
■\/sbas9donHtemmimam~A,Wi S' 


24,000 
21,^00-8 
19,200 1 
1^,800*1 
14,400*-| 


id 


10 12 R 16 18 2022 24 26 28 30 
Sizes in Inches 


8 10 12 14 IG 18 20 22 24 2G 28 30 
Sixes in TncVies 


Comparative weight of pipe per mile. * Comparative weight of lead per mile. 
Fkj. 156. — National Matheson joint pipe vs. cast-iron pipe. 


On large work (for oil lines, etc.) joints arc screwed up by machine. On a 
job in Chili39 26 men with a machine laid GO lengths per day, average, as 
against 25 lengths by 19 men with chain tongs; rough country. At stream 
crossings and wherever else the joint must be protected from stress which 
might impair its tightness, it is surrounded by a sleeve known as " River Sleeve " 
or "River Clamp." Among the firms handling accessories for wrought pipe 
lines are Oil Well Supply Co., New York. Screw pjpe is most susceptible 
to electrolysis, as joints offer no resistance. 

Calked Joints, The Converse joint is a sleeve with a bell at each end for 
lead filler. The Matheson joint is a bell flared onto the pipe when it is welded ; 

it has not the depth of a cast-iron i)ipe lead 
space, and lead is saved. As made by the 
National Tube Co., Matheson pipe is equivalent 
in strength to the Class C pipe of A. W. W, 
specifications. It has the added advantages that 
it comes in IS- to 20-ft. lengths, and that there 
is no breakage. The shallower lead space increases 
possibility of leakage. 

Welded field joints*^ have been used on con- 
duits of 22-, 24-, and 30-in. riveted pipe (iVin. plate) by Spring Valley Water 
Co., San Francisco, and on 12- to 20-in. sheet-iron pipes of East Bay Water 
Co. 15,60 They figured cheaper than the riveted joint or the lead joint (see 
Fig. 157). All welding was done by oxyacetylene apparatus, in accordance 
with standard welding practice; A-in. soft Swedish iron rods were used. TJie 
ends of all joints were kept apart to allow for expansion. Welds were twice 
the plate thickness, and were carried along the longitudinal seam to a point 



Fig. 157.— "National’' 
Matheson joint. Sectional 
view. 
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opposite the 0rst rivet. This seam was then brazed to the second rivet, using 
a very soft brazing wire. Brazing was done at a much lower temperature than . 
the welding; producing a tight seam without warping or introducing strains* 
If the brass cracks in cooling, it can be calked in place. A hole must-be exca- 
vated on each side of the joint so that a man can lie on his right side to weld the 
bottom. Only one joint pulled apart; this was due to settling ground. 
Welded joints produce a very flexible job, as pipe can be readily modified in the 
field to pass any obstacles uncovered. Butte Water Co.i^ uses lap-welded 


Table 92. “National” Matheson Joint Pipe 

(All Weights and Dimensions are Nominal) 



i 

1 






1 

1 

1 


Weight 

per foot, 11 

J. 


1 

! 


Ex- 1 
ternal j 
diam- 

inches 

Thick- 

ness, 

inches 

Max.* 
O. D. 
at end 
of pipe 

inches 

Max,* 
O. D. 
over 
bell 
Di, 
inches 

Length 
of 1 
joint. 

L. 

inciios 

Plain 

ends 

Dipped 
only, or 
galvan- 

Complete 

“Na- 1 
tional” 
coated 

“Na- 

tional” 

coated 

Weight 

lead 

per 

joint, 

pounds 

Mill 

test, 

pounds 

per 

square 

inch 

1 












izcd 

and 

sin 

iglo 

double 













i 

1 



1 dipped 

j wrapped 

wrapped 




2 

.00 

0 

.095 

2 

.78 

! 2 

.90 

: 2. 

.16 

1 

.93 

1 

.95 

2 

.30 

2 

.40 

1 

.00 

700 

3 

.00 

0 

. 109 

3 

.87 

: 4 

.00 

i 2, 

. 2(i 

3 

.30 

3 

.39 

3 

.90 

4 

.10 

1 

.75 

700 

4 

.00 

0 

. 128 

4 

. 99 

I 5, 

. 13 

2 

32 


.29 

5 

.34 

6 

.00 

(5 

.30 

2 

.75 

600 

.5 

.00 

0 

■ 134, 

() 

.03 

i 6 

.17 

2 

.38 

6 

.96 

7 

.03 

7 

.90 

8 

.20 

3 

.50 

000 

0 

.00 

0 

.140 

7 

.10 

; 7 

.25 

2_ 

. 50 

8 

.76 

8 

.85 

9 

. 90 

10 

.30 

4, 

.75 

600 

7 

.00 

0 

.119 

8 

.15 

i ^ 

.31 

2 

..58 

10 

.90 

11 

.02 

12 

.30 

12 

.70 

5 

,50 

600 

8 

.00 

0 

. 158 

9 

.21 


.38 

•2 

73 

13 

.23 

13 

.38 

14 

.80 

15 

.30 

6, 

,75 

600 

8 

.00 

0 

.185 

9 

.32 


.49 

2 

.78 

15 

.44 

15 

.()2 1 

17 

.10 

17 

. 60 

6, 

75 

700 

9 

.00 

0 

. 167 

10 

.20 

! 10 

.43 

2 

.73 

1.5 

.75 

15 

.03 

17 

.60 

18 

.10 

8. 

25 

500 

9 

.00 ; 

0 

.196 

10 

.38 

i 10 

. 55 

2 

. 90 

18 

.42 

18 

.65 

20 

.30 

20 

.90 

8. 

50 

600 

9 

.00 

0 

.250 

10 

.60 

10 

.77 

3 

.07 

23 

. 36 

23 

.66 

25 

.30 

25 

.90 

9. 

00 

700 

10 

00 

0 

. 175 

11 

.32 

i 11, 

.50 

2 

.82 

18 

.30 

18 

.57 

20 

,40 

21 

.00 

9. 

50 

500 

10. 

00 

0 

.208 

11 

.45 

I 11 

. 63 

2 

.85 

21 

.75 

22 

.00 

23 

.80 

24 

.50 

9. 

75 

600 1 

10. 

00 

0. 

270 

11 

.70 

11, 

,88 

3 

.06 

28 

.05 

28 

.41 

30, 

20 

30 

.90 

10. 

00 

700 

11. 

00 

0 

185 

12 

.38 

1 12 

,57 

2 

.91 

21 

.3(1 

21 

.62 

23 

(50 

24 

,30 

11. 

00 

500 

11. 

00 

0. 

220 

12 

..52 


,71 

2 

.03 

25 

.32 

25 

.04 

27, 

GO 

28, 

,30 

11. 

00 

600 

11. 

00 

0. 

290 

12 

.80 

! li. 

,99 

3 

.17 

33 

.17 

33 

.(50 

35 

.(50 

36, 

.30 

12. 

50 

700 

12. 

00 

i ^ 

194 

13 

.43 

13 

62 

3 

00 

24 

.46 

24 

. 77 

27 

.00 

27, 

70 

13. 

25 

500 

12. 

00 

' 0. 

244 

13 

, (J3 

1 13. 

82 

3 

.40 

30 

. 63 

81 

.07 

33 

.20 

31 

00 

14. 

25 

600 

12. 

00 

0. 
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35 
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3. 
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OO 

19. 

25 

650 

14. 

00 

0. 
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3. 
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•hipping lengths of siaes 22 in. O. D. and larj 
* ‘Veight complete” include nng but not lead. 
Fig. 167. 
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steel pipe with welded end joints where the head exceeds 300 ft. It has been 
suggested that welded joints reduce electrolytic action and corrosion * Fusion 
welding of joints in gas, steam, and oil lines has apparenty been successful 
On oil lines N E Wagner holds it superior to screwed couplings in taking the 
stresses due to changes of alinement t 



As many joints as practu ible should be welded uudei conditions which 
permit i oiling the pipe so is to keep the work appi oximately horizontal 
Necessary bell-hole'^ welds can howcvei be sue cc^ssful I v made by skilful 
welders 




Fia. 159 — Joints for high pressure steel pipe 


Penetration of fused metal to the inside of the pipe, making obstruction 
to scrapers used m pipe cleaning, and causing other troubles, may be avoided 
by holding the torch so that the dame is parallel to the plane of welding. 


♦ Amenoan Rolling Mill Co , Middletoan, Ohio ^ ^ ^ 

t Paper before interniictional Aoetylene Assn , October. 1922 See aleo '^ApnUfMtlonafMjTtefll^ 
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flange Joint, Types of ianges are shown in Figs. 151 to 155/ Flanges 
may be screwed, welded, riveted, or peened on.* Screwed flanges are most 
common between IJ and 15 in. Gaskets are required, see p. 392. 

Bump Joint (Fig. 168). On penstocks, for all pipes 26 in. min. diam. and 
above, the common type of ^^bump joint” is preferred. This joint is of special 
value in laying, as it permits slight deviations in alinement in order to maintain 
the proper line. Bump joints can be either double or single riveted, but double 
riveting is preferred 23 Rivet holes should be drilled iV small in the shop and 
reamed to size in the field after the pipe is in place. As it is not possible to rivet 
bump joints in pipes smaller than 26 m., below this diam. flange joints must be 
used.ss The advantage of the bump joint over the in-an-out riveted joint or 
the tapered joint lies in the better waterway afforded. 

Joints for High-pressure Steel PipesM^ For Neeaxa, Mex., power plant, 
30-in. pipes to carry water under 1450-ft. head were forged complete with 
flanges from one sheet of steel for each 30-ft. section. Longitudinal seams 
were lap-welded. Pipes were tested in shop to times maximum working 
head. Maximum velocity of water was 18 ft. Special joints used arc shown 
in Fig. 159. Pipes were made by Actien Gesellschaft Ferrum, Kottowitz, 
Germany. Rubber gaskets were used. 

Mannesmann seamless steel tubes, ^3 made at Swansea, England, under 
German patents, were used in 1910 for distributing mains at Victoria, B. 
C. Tubes came in 28-ft. lengths; coated with asphalt, wrapped with jute, 
and again coated with asphalt. Prices per ft. paid by city for pipe delivered 
along trench: 12-in., $1 .59; 8-in., 72 cts.; 6-in., 52 cts.; 4-in., 29f cts. Specials, 
21 cts. per lb. Pressure not given. 

Installations. Continental Iron Works, Brookl}^, fabricated two steel 
pipe lines: 1100 ft. of 37-iii., Guanajuata Power & Electric Co., Zamora, Mex., 
thickness, { to h in ; 4790 ft. of 43-in. pipe, 1 J in. thick, Yukon Consolidated 
Gold Field Co., 500 lb. working pressures. On the Yukon, joints were bell 
and spigot, tapered, and drilled for rivets after being put together. Bends, 
up to 4®, were made by beveling plates of adjacent sections, and welding. 
Two makes,44 one American and one German, were used; latter was not 
entirely satisfactory. One section cracked along a weld for 10 ft. on being 
dropped into trench; this was patched and reinforced, and gave no more 
trouble. Another section burst under 835-ft» test head, due to flaw in metal. 
Forge-welded steel-plate pipes, in lengths up to 50 or 60 ft., have been made 
in Germany for a number of years and used throughout Europe and in more 
distant parts of world, for water supply and power. Sixteen- and eighteen- 
inch Matheson pipe was used on 24-mi. conduit for Oregon City, Manu- 
facturers and Am. Welding Society can furnish data regarding many 
installations. On Moccasin Creek penstock, Hetch-Hetchy, the 54-in. 
hammer-welded pipe is under 1315-ft. head 53 Field joints are riveted. A 
30-in. hammer-welded pipe with riveted joints was used in Spavinaw conduit, 
Tulsa.®® American Spiral Pipe Works installed a 48-in. line for Denver Union 
Water Co.; 16-, 28-, and 36-in. lines for Aberdeen, Wash.f 

* pipe can now be Van Stoned. 

1 id*o o! 24- and 26-in. Butte pipe in S, N. B„ Nov. 26, 1920, p. 1022. 
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EXPERIENCE* 

Leakage. General experience with steel mains is that they tend to grow 
tighter with age, unless perforations occur. A 48-in. steel main in Phila- 
delphia, after being tested and recalked, had leakage of 7000 to 10,000 gal. per 
mi. per 24 hr. under pressure of 160 lb. per sq. in. A 72-in. steel main 10.8 mi. 
long, tested in sections, averaged 0.059 cu. ft. per sec. i>er mi. leakage =38,000 
gal. per mi. per 24 hr.; pressure 0 to 59 lb. Tests. on some Brooklyn con- 
duits resulted as follow^s: (1) 66-in. pipe, 3.2 mi. long, 33 per cent, riveted 
steel, remainder of lock-bar type; field joints every 30 ft.; leakage under 
65 to 95 lb. test pressure was 12,300 gal. per mi. per day (3.91 gal. per lin. 
ft. of field joint per 24 hr.). (2) 66-m. pipe, 30 per cent, riveted steel, 

remainder of lock-bar type; field joints every 30 ft. Leakage under pressure 
of 48 to 117 lb. per sq. in. was 9800 gal. per day per mi. (3.10 gal. per lin. ft. 
of field joints per 24 hr. See also p. 428. On tests on 36-in. Sooke River con- 
duit, leaks at 200 lb. pressure held for 20 min. were calked until loss did 
not exceed 1.2 gal. per 24 hr. per ft. of pipc.47 A 36-in. pipe at Schenectady 
was backfilled and stood empty for 2 years. When water was turned in, 
leaks developed at circumferential joints; this was remedied by welding all 
joints inside and outside.^s A 48-in. pii)e in Vancouver, B. C., German built, 
was repaired by heavy butt straps around the leaky circumferential welded 
joints.-*^ 

Temperature Effect. Steel pipe should be anchored against temperature 
movements. Never leave a long length uncovered in winter between two 
lengths anchored, or the rivets in the circular seams of the exposed portion 
will be subjected to shear by temperature changes. On a 72-in. steel main in 
Brooklyn, 1909, the lead was pulled 2 in. out of joints 9 in. deep, at a valve, at 
night, by temperature effect on 3500 ft. of exposed line on either side, and 
forced back partly by day. Temperature ranged fr&m about 38 to 60®F. 
On tangents, usually the only force to be resisted by the circular scams is that 
due to temperature. Assuming a temperature variation of 45°, modulus of 
elasticity for steel, 30,000,000; tensile strength, 55,000 lb. per sq. in.; elonga- 
tion per deg,, 1 148,000, and factor of safety of 3 necessitates a joint having 

(30,000,000 X 45) (148,000 X 55,000 ^ 3) = 50 per cent, efficiency. 

These temperature stresses cause shear in the rivets of field scams which gener- 
ally determines the spacing of the rivets on single-riveted circular seams. The 
48-in. line for East Jersey Watei^Co. stood empty the first winter and thermo- 
metrical records showed that the temperature went below 32°F. on several 
occasions. The second winter the temperature conditions were worse, as it 
was tested under water pressure, and the pipe was repeatedly filled and emp- 
tied. The temperature of both incoming air and incoming water was around 
32°. Portions stood empty or full of still water in severely cold weather. 
*‘No effect has ever been observed as resulting from this treatment of the 
pipe line.^'i 

Temperature movements of 7 in. in 3078 ft. were observed on Catskill 
aqueduct siphons, for 30°F. temperature change .2® 

Deformation. Kuichling^o has seen earth fill 6 to 8 ft. de0 
reduce 10 per cent, the vertical diam* of 36- to 72-in. steel pipes, i to iin* 

; ♦ see p. 3^. 
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thick. He concludes that ordinarily 5 or 6 ft. backfill will produce stresses 
near elastic limit. Stiffening rings of steel or concrete should be Used on d^p; 
pipes. Thoroughly tamp the backfill up to the horizontal diam. The 6-in. 
concrete jackets of the’ Catskill steel pipes limit deformation. As delivered, 
the 11-ft. 3-in. steel pipe had a vertical diam. of 10.8 ft. When filled With 
water, this flattened to 10.1 ft. with iVin. plates, and 10.35 ft. with J-in. , 
plates. Under 150-ft. head, the vertical diam. had become 10.95 ft. 

A “cross-sectioner” used to measure out-of-roundness of large steel pipes 
on Catskill a(iueduct is described in E, N.j Mar. 26, 1914, p. 680. ‘ A 42-ih. 
steel pipe, Portland, Ore., was flattened 4 in. by careless backfilling, causing 
uneven distribution of load. Tests showed no leakage under distortion of 
8J in., although shortening of only If in. caused permanent set of in.si 
A 66-in. steel pipe (ur-in. plate) in a tunnel in Pennsylvania collapsed in . 
1912, due to sudden withdrawal of water, so that vertical diam. became 6 in. 
Pipe was restored to normal shape in 2 hr. by gradually filling with water uiider 
pressure. Several hundred feet were involved. Cost of re-calking was $40. 
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CHAPTER 16 


WOOD-STAVE PIPE* 

Essentials. Wood-stave pipe is made of staves of selected wood shaped 
by machine, placed side by side and end to end, and held to position and 
tightness by metal bands clamped around the outside. The bands take the 
water-pressure load, and, as they will stretch under this load, they are put 
' in initial tension when the pipe is made, so that elongation in service 
will not cause leakage. Staves should have thickness enough to assure (a) 
transmission of the water-load to the bands; (b) durability, (c) crushing 
strength sufficient to prevent the bands sinking in when tightened. Thin 
staves (not over 1^ in.) are desirable to assure the complete saturation which 
makes for long life; thicker staves are required for strength and rigidity in 
very large pipes. Watertightness between edges of staves depends on inRial 
compression produced by the bands. Continuous-stave pipe is "built up in 
the field from long staves, the ends of which are made watertight by metal 
plates in saw kerfs (see p. 360). Factory-made or machine-made pipe is manu- 
factured in the factory, metal spirals of wire or bands being wrapped on 
continuously by machine, the pipe being joined in the trench by collars or 
mortise-and-tenon joints (see p. 364). 

Merits. Wood pipe was in use in 1922 in at least 500 water undertakings 
in the United States; some had been in service 46 years^; at least 25 per cent, 
had given “good satisfaction.^^* Hattonza reported in 1907 that stave pipe 
of good soft white pine, Douglas fir, cypress, or even red cedar, well selected, 
free from dry or black knots, either air or kiln dried, free from cracks, well 
jointed and secured with steel bands protected from corrosion, will last, under 
average conditions, as long as cast-iron pipe. Authorities differ (see p. 369). 
Where properly designed and constructed, Ledoux^ concludes that wood pipe 
has been satisfactory for pressures below 150 lb. (320-ft. head). Low first 
costt and high carrying capacity at all ages must be balanced against shorter 
life and greater leakage^ than for pipes of other materials. Assuming first 
cost of wood pii^ as unity, Taylor^ estimated for a 30-in. diam. pipe at Nor- 
folk, Va., in 1922, reinforced concrete would cost 1.7 and cast iron, 2.4. 
Correcting these for relative leakage, durability, and capacity, the figures 
become, respectively 1.6, 1.7, and 3.4.§ 

. The foregoing figures do not evaluate: (a) freedom from expansion, 
electrolysis, and damage by free 25 ing;|| (b) light weights to handle; (c) ease of 
laying in wet trench; (d) facility of repairs.^! Fire tests on exposed pipe indi- 

* See of articles by Andrew Swiokhard, in E. C., Nov. 4, Dec. 2, 1914, end Jan. 6, Feb. 
17, a 
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id June 2, 1916. * i • . 

Can be laid with less cover than metal pipe since its resistance to freesing is greater. 
Some tnabers WiU erect a a guaranteed lea^ge limit of 100, gals, per day per i 

See atao S. If. B., Aug. JB, 309, siid J. A. d.. Vol. 11. isfl. b. mT 

Damu. u WmIi., se» B. if. B., Dec. 31, 1023, p. 1077. 
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cate high resistance to destruction.^o Ledoux^* compared first costs per lin. 
ft. for pipes under 66 lb. pressure, New York delivery, 1922, (cast-iron pipe; 
at $44 per ton; trenching taken constant for one diam.; paving costs ignored; 
hauling at $2 per ton) with results shown in Table 93. For calculations involv- 
ing pumping charge, see E. N, R.j Nov. II, 1920, p. 932. 


Table 93* 


Diam., in. 

Machine-banded wood pipe 

Continuous 
wood pipe, 
redwood 

Cast-iron 

Pine 

Redwood 

pipe 

6 

12 

20 

$0.96 

1.49 

2.29 

$3 .'70 

$3.40 

$1.26 

2.09 • 

5.21 

24 

2.89 

4.84 

4.19 

6.71 

30 

4.13 


5.27 

9.13 

36 

48 



6.35 

9.50 I 

12.02 

18.90 


* See also Maury’s cotnparisoiis, J. IF. W. A.^ Vol. 12, 1924, p. 1. 


Disadvantages, besides excessive leakage and short life, are: (a) On large 
pipes, over 3-ft. diarn., a great depth of backfill with low pressures will cause 
shortening of vertical diain., decreasing capacity, (h) Excessive leakage 
under varying pumping pressures; pipe at Porterville, Cal., had to be replaced 
in 3 months.41 Leakage results from deformation of staves when pipe is 
emptied and refilled, (c) Hydraulic Power Comm., N. E. L. A., would restrict 
use, except for construction works, to heads below 100 ft.* (d) Danger of 
collapse under heavy fills; the engineering report on a 36-in. pipe collapsing 
under a 10-ft. fill cited 1 J-in. staves as good for 2-ft. fill.® A 60-in. pipe col- 
lapsed at Deer CreeJ[c;, S. D., in 1915 under 2-ft. fill.^f At Seattle a 42-in. 
pipe collai)sed under poorly placed backfill which allowed boulders to press 
unevenly on pipe.* (e) Air valves are a necessity (see p. 446 ; for type of vault 
see E. AT. E., June 14, 1917, p. 568). (/) On some installations, there is not 

a sufficient factor of safety. Staves failed at Vancouver when the 36-in. 
conduit, 16 years old, was subjected to 25-ft. additional head.*® (g) At various 
cantonments and other war projects, minor troubles were encountered with 
factory-made pipe. At Old Hickory plant* occasional failures developed from 
defective bands; warping of staves and shrinkage caused by exposure to 
weather for several months were quite seri()us. In some cantonment work, 
the tenons on 8-in. pipe would not fit the cast-iron specials on hand; this was 
remedied by forming a new spigot ® Some of these troubles were undoubtedly 
due to rush work in war time. 

Wood vs. Steel Pipe. In wood pipe the metal is for strength only; while 
in a steel pipe, the metal serves both for strength, and for a water stop. A 
steel pipe might leak excessively when only 5 per cent, of its section has been : 
destroyed, while a wood pipe might continue tight and the bands would not 
be stressed beyond limit until 75 per cent, of their cross-section had rust^; 
away. This is a great advantage in soils hostile to steel; round bands 

♦ Butte Watdr Co. uses wood-stave pipe for heads below 300 ft., and lap-welded $te^ i.orikik' 
v;,;;- vt A*: Jd«mphiB,;'Continent^ Pipe Mfg. Co. built a 60-in. pipe under a'.20-ft. fill. 
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better able to resist corrosion than thin sheets, from which steel pipe is made. 
Steel pipe is subject to corrosion and pitting on both inside and outside. On 
wood pipe, circular bands are of greater diam. than the thickness of steel 
pipe for same service, and, in addition, may have added protection of gal- 
vanizing and heavy dip of tar or asphaltum. No continuous stave or machine- 
banded wood pipe has yet been reported attacked by electrolysis. Metal 
pipes have been replaced by wood where conditions were severe. A SG-in. 
steel penstock at Bangor, Penna., was replaced by continuous pipe of white 
pine.ii Steel pipes have far less leakage, particularly under pumping 
pressures. 

CONTINUOUS-STAVE PIPE* 

Construction. Continuous-stave wood pipe is adapted to diam. of 12 to 
192 in.^ 2 *|- or even larger. Staves of selected lumber are milled to assemble in 
the field with the interior diam. desired, staves of various lengths being laid 
side by side so that end joints are staggered. Connections at ends of staves are 
made by inserting metal tongues^ in saw kerfs, or slits, accurately cut, in exactly 

the same position in each stave, so that ends of 
staves will be even on both inside and outside 
of pipe — whence the designation “continuous 
stave.^’ In the most modern form substantial 
tongues and grooves are milled on sides of staves 
(see Fig. 160) to assist in retaining the circular 
form as well as to obviate the necessity of ham- 
mering the wood to round out the pipe; bruised 
wood has a tendency to decay. The staves are 
clinched firmly together by bands of round steel 
rods with upset ends mu} cold-rolled threads, 
the ends of each band being held together by 
malleable iron shoes stronger than the rod. 

Woods. The only woods regarded as gen- 
erally suitable are redwood, fir,§ white pine, 
Norway pine, and cypress.sb High pressures require close-grained wood of 
slow growth, free from knots and other defects; high tensile and compressive 
strengths are essential. Commercial-run lumber should not be used, 
except in temporary pipes. Redwood and firl| grow to great sizes and it is 
easier to obtain from them than*from eastern pines and other woods, clear 
material.sb Pitch pine {Pinus rigida) was used for bored logs in Philadelphia; 
a piece dug up at Washington Square, after a century, was in “excellent con- 
dition. ’’23 Local spruce, air dried for 9 months, was used on upper end of 60- 
in. line at Pittsford, Vt.2^ White pine staves were used for a penstock at 
Bangor, Maine, which were selected log run from West Virginia, grading No. 
2 barn and better.25 Local hemlock was used in North Carolina26 for 30-in. 
line 1200 ft. long under 144-ft. head. Material for some large eastern pen- 

* For design, see p. 371. , , ^ ^ 

t For 192-in. (16-ft.) conduit of California and Oregon Power Co., see E. N. R., Jan. 14, 1926, 

p. 68. 

t Malleable cast-iron butt joints were ueed by Kelsey at Logan, Utah and Deadwood, S. D. 

S Douglas fir (Paeudoimiga tati^mxa) ib known also as Washington fir and Oregon pine. 

|j Fir can be subjected to a bending stress of 800 lbs. per sq. in., redwood to 600 loe. 


^ , deadson tdges 

fyp^Alntdges ofsfav^ 
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Fig. 160. — Isometric of 
two staves, e = grooves in 
edges, i in. deep, | in. wide; 
/■ = beads, /g in. high, in. 
wide at base, f in. from outer 
and inner face. When staves 
are banded together,the bead, 
being a little larger than the 
groove, is squeezed into the 
latter. 



stocks was of Douglas fir staves, 3^ in. thick, sawed, planed, and milled in 
Pacific Coast plants.2^ 

Cypress makes durable pipe, and is the only competitor of redwood in 
length of life and endurance under alternately wet and dry conditions.* If 
cypress is selected to eliminate sap, it probably is as long-lived as redwood. 
Disadvantages are: (a) Quantity of standing timber is extremely limited 
and cost is high. 2 ib (/>) Jt is difficult to get cypress for pipes, because of the 
sap; where sap is eliminated, price is so high that it cannot compete. Cypress 
pipes are rare.^ib 

Laying. It is very important to have the butt joints driven tight, as 
practically all leakage is at these joints. Staves must be trimmed exactly 
square on the ends for tightly driven butt joints.28 Vertical and horizontal 
curvature can be made without difficulty, radius depending on diam. of pipe — 
in general, GO dianis. of pipe (except in largest sizes, which require a greater 
radius), but sharper curves have been built. A 30-in. line for Santa Barbara, 
Cal., had curves on a radius of 120 ft. Contractors have found that continu- 
ous pipe laying requires a skilled organization and that there is economy in 
subletting such work to the pipe companies. For methods and equipment, 
see E. C., June 2, 1915, p. 483. 



Fig. 161. — a, Malleable iron shoe for round bands with straight pull on pipe 
lines, tanks, etc., Racine Tank Lug Co., Racine, Wis.: />, malleable shoe for wood 
pipCj Marion Malleable Iron Works, Marion, Ind. Shoes of the Allen type are 
specified by Partridge. 21a 

» 

Trench should be 2 ft. wider than inside diameter of pipe, should be back- 
filled with clean earth free from vegetable mold, roots, grass, sod, or other 
humus material, and should be thoroughly tamped, up to approximately 
center line of pipe. Loose rocks should never be put into trench until pipe 
has been well covered with earth. 

Shoes are an important feature, and only tested types should be used. 
Shoes must be capable of developing the full strength of the band. Disregard 
of this resulted in the waste of 300 tons on one line.^ic Double shoes are used 
on pipes above 48 in., single shoes on smaller sizes. 

Foundations.30 When pipe is above ground, cradles are used to secure 
free circulation of air; in a dry climate this assures longer life. Foundations 
for 60-in. power intake consisted of concrete cradles 8 ft. 9 in. apart, 6 in. 
thick above ground, with footings 12 in. thick extending to rock or solid . 
earth. Foundations require considerable concrete or heavy timber construc- 
tion. The latter requires creosoting or occasional replacement (see p. 369)^ 
See construction iriethods in JS. N. R,, May 30, 1918, p. 1060. 

Lynchburg, Va, conduit, built 1906, consists of wood-stave pipe for pres* 
sures up to 83 lb., steel pipe for higher pressures, and cast-iron pipe for stream 
crossings, all 30 in. in diam. Profile is such as to keep wood pipe always umter 

*Sbme engineers recommend only creosoted pipe for such condition. 
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Table 94. Details of Design for ContinttOtt8*stav» Pipe, Classes A, B, and Clld 
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t Ma imum allowable spacing of bands is 10 m. for all, except 8 in. on 96 to 144 in,, and on 72 in* 
with l-in, band: and 6 in. on 144 in. with f-in. band. 


pressure. Trench is 6 ft. deep. Minimum radius = 200 ft, California 
redwood staves, 2 by 6 in., 10 to 24 ft. long, surfaces planed to circumference. 
One radial face of stave ^s i-in. bead, iHr high, which under pressure is ' 
forced into the plane radial face of the adjacent stave. Leakage at endsirf 
staves is prevented by }-in. steel plates fitted into saw kerfs. Bauds are 









WOOD-STAV]^PtPi! 

Hn. miW steel rounds, specified to have ultimate strength of 68,000 to 66,000 
lb. per sq. in. Each band ha,s hemispherical head on one end and cold-rolled 
thread on other so proportioned that rupture will occur in rod; all tests 
have proved the adequacy of the proportion. Bands are spaced by formula 
JV 3.3ir, applicable only to 30-in. pipe under conditions of the specifications, 
where N is number of bands per 100 ft., H is pressure head in feet. Bands 
engage malleable cast-iron shoes, so designed that friction on the base will 
allow slipping around pipe, rather than cutting into wood, during tightening. 
At least i in. of metal in all parts of shoe. While stored, awaiting use, weather 
caused cracking and checking of ends of staves. Contractor sawed off dam- 
aged ends by hand. It was found impossible to do hand sawing accurately 
enough to make joints as tight as desired. Bands and shoes were dipped 
in hot Pioneer mineral-rubber coating, and touched up with Smith’s ^'durable 
metal coating.’’ Bends were made by springing pipe while loosely banded, 
driving butt joints tight, when bands were cinched. Heavy rains before 
backfilling caused pipe to float 5 or 6 ft. in some instances.^i Parts of it 
stood empty 3 years after construction; in 1924, the city manager reported 
that 27 leaks were repaired in past year, involving replacement of 154 staves. 
The flow was interrupted four times. While draining a section, 100 ft. of 
pipe at a high point, J mi. distant, collapsed due to decay of staves to such 
an extent that they could not resist the unbalanced atmospheric pressure. 


MACHINE-MADE* WOOD PIPE (SECTION PIPE) 


Kinds. Made in lengths from 3 to 20 ft., and of diam. from 2 to 24 in., 
occasionally as large as 48 in., from same quality of selected lumber as con- 
tinuous stave (see p. 360), though generally of a less thickness. Wood is 
purchased in mill sizes 2 X 4, or 2 X 3 in., of Nos. 1 or 2 clear; generally 


kiln dried for the smaller sizes. Air 
seasoning, where practicable, is more 
satisfactory. Pipes made on Pacific 
Coast are generally wire wound* under 
tension, with a continuous heavily gal- 
vanized wire having a tensile strength 
of 60,000 to 65,000 lb. per sq. in. Pipes 
made elsewhere in the United States 
are generally machine handed^ a con- 
tinuous band of steel of about No. 16 



Fig. 162. — Machine-made wood-' 
stave pipe for low pressure. (Protec- 
tive coating omitted at right to show 
steel wires. Winding is doubled at 
end.) 


gage being wound Under tension. Section pipe is also made with individual 
rods and lugs. The stave thickness is the same for all pressures, but the 
size and spacing of metal members are varied to conform to heads from 


60 to 400 ft., by 50-ft. increments. 

Manufacturing. The wires or bands, while free from rust, are run through ; 
a bath of warm asphaltum and then wound spirally upon the pipe, carrying;^ 
a heavy coating^ thus preventing the inner surface of the band from coipfep; 
in direct contact with the outer surfaces of the staves. As soon as bahdipjpfe| 
comp the pipe is run over two rolls moving through a Warm 

SI? Alia ^lied ‘^machine banded/’Mn 
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asphaltum, thus coating the outside i to J in. thick. To prevent coating 
from running, the pipe is immediately rolled in sawdust, which adheres and 
prevents it being abraded in handling. Extra coat can be applied by 
repeating the operation. Coating, as soon as cool, becomes tough, and can 
be removed only by a chisel (for coating, see p. 371). 

Joints. Sections are joined in various ways, each of which has merits. 
Cheapest, well adapted to low gravity heads, is the inserted joint (also known 
as ^^mortise-and-tenon’^ and *^chamber-and-tenon,” Fig. 163), formed by 
cutting a chamber in one end to half the thickness of the stave, and forming 
a tenon in the other. This joint insures a thorough saturation under low 
pressures and is used by many eastern factories (El I’aso & Southwestern 
Ry. Pipe, 110 miles long,i3 is mostly of this type). Wood coupling is advo- 
cated by many western makers; for low pre.ssure it is wire wound; for high 
pressures, reinforced with rings and shoes; the latter is recommended above 
16 in. No cutting of ends of pipes into mortise and tenon is required, but 

Hudrolene-B Cocdfna bands 

/ nound solid for 



Fig. 163. — Ends of machine-made wood-stave pipe. * 


many lines have had trouble due to decay of collars and pipe ends which do 
not become saturated. Durability is promoted by use of creosoted collars. 
Some types made by Am. Wood Pipe Co. for mine dratnage have wires set in 
grooves to lessen chance of injuiy. , Cast-iron cou])liiigs are used for high 
pressures; although costly, they are considered a good investment by many 
engineers, among them J. L. Campbell.^^ 

Spacing of Wires. Closely spaced small wire has been found more 
satisfactory than widely-spaced coarse wire, both in holding the staves to 
shape, and in preserving the galvanizing. The Western Union splice used 
requires a small loop, the forming of which cracks off the coating of a coarse 
wire. The wire is fastened at thaend by clips. 

Spacing of Bands.23 From experiments, it was found that a factor of 
safety of 3 was ample for the steel bands used. Pi])es subjected to pressure of 
80 lb. or over and 12 in. in diam. or over, for municipal waterworks, are 
solidly wound; that i.s, they are steel pi):)es with a wooden lining. The band 
is secured to each end of the pipe by double winding after the end is fastened 
with two or more screws, and on all high-pressure pipes screws are put through 
the band into the wood every foot or 8 in. apart, according to diam, and 
pressure, 

Eastm vs. Western Practice. Eastern manufacturers, as typified by 
Michigan Pipe Co., Standard Wood Pipe Co., and A. Wyckoff & Son Go., 
use white pine, tamarack, cypress, Douglas fir, and redwood; the pipe is 

* Anotb^r type involves a wood«B collsTt or coupling. 
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generally machined-banded pipe, with inserted joints. Western manufac- 
turers, e.fir*, American Wood Pipe Co., Continental Pipe Mfg, Coi, 
Pacific Tank & Pipe Co., and Redwood Manufacturers Co., employ either 
Douglas fir or redwood, and make wire-wound pipe with couplings at the 
joints. For small systems, experience in New Hampshire^^ indicates eastern 
product to be superior for local conditions both as to durability and resistance 
to water hammer. 

Flat Bands vs. Wires, When pipe is subjected to a pressure fluctuating 
over a 50-lb. range, the higher pressures force the wires into the wood, and 
when the lower pressures obtain the joints open, permitting leakage. Bands 
present a larger surface to the wood, and have less tendency to sink in and 
allow leaks. Bands can also be coated more effectively. On the other hand. 




5tave Joint 

Fi«’ 164. 

(Pacific Tank and I’ipc Co.) 


wire presents tlie minimum surface to corrosion, while a band presents the 
maximum. The manufatdure of wire assures a better quality of metal than 
in bands. 

Continuous vs. Machine-made Pipe. — Investigation of continuous-stave 
pipe led T. Chalkley lIatton2a to the belief that there were too many uncer- 
tainties in manufacture; construction must be left to irresponsible, partly 
unskilled workmen, who in many instances had to work under unfavorable 
conditions. For these reasons machine-made wood-stave pipe is superior, 
being made and banded by automatic machines run by capable workmen, 
staves, bands, coating, and workmanship being open to inspection under 
most favorable conditions. On the other hand, continuous-stave pipe has 
cheaper freight rates and lends itself more easily to rigid inspection)^ alaiD 

wood less thoroughly seasoned can be used. 

Hpe Laying. Pipe should be carefully laid, no matter what thtii prea^ire 
is to be. Examine each end as the sections are driven together, and tuiSi 
jcmits to bring any bruised or scratched places to the upper side, as 
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be small leaks at these places, which can be more easily plugged if on top. 
By the use of tompions furnished by the manufacturers, and an improvised 
ram about 5 ft. long, ironed at one end, laying is easy. Pipe 6 in. and larger 
should be driven together with a ram; smaller sizes can be driven with a 
maul. Keep the alinement as true as possible, and drive until the shoulders 
come together at every point. The pipe is usually driven from the coupling 
end of wood-coupling pipe, or the female end of inserted-joint pipe. If 
necessary to cut the pipe, mark the place and drive at least two strands of wire 
together far enough back on each side to allow the required length of tenon. 
Staple the wire securely before cutting. If necessary to install fittings in an 
inserted joint line, cut a length of pipe in the manner described at some point 
in the body. This will save the trouble of making a new^ tenon on the end, and 
the ends made by cutting can be made to fit perfectly into the bell of the 
fitting by rasping. Tenons on w’ood-sleeved pipe fit the bells of the fittings, 
but this pipe is best handled as above, when the fitting comes midway in a 
length. In taking outlets from a line already laid, a saddle can be used; 
attach it to the pipe by cutting the wire after stapling, and stripping for a 
space the Width of a saddle. Then fit the saddle to the pipe, and mark the 
point at which the opening is to be cut. After the opening is cut, place a 
rubber gasket under the saddle and attach wdth U-bolts or bands.* 

.Curvature. It is better, if conditions permit, to make a required deflec- 
tion by the use of a long smooth curve by throwing a slight angle in each 
joint than by a special fitting. Wire-wound pipe will permit of 2 to 6® 
deflection in each joint, depending on the size, service head, and skill with 
which laid. Smaller sizes can be deflected more than the larger, and low- 
pressure pipe more than high. When vertical or horizontal curves are to be 
built, include a number of short lengths in the order. After laying a curve, 
tamp in enough backfilling on the outside of the curve to |jeep it from buckling 
and then ram the joints together tight by using the tompion and ram on the 
last length. Extra care should be takftn in backfilling around a curve to see 
that the tamping is thoroughly done, as there is always a tendency, when the 
pipe is under pressure, for it to ^^work^^ and blow out on curves. Fittings, 
particularly bends, should be thoroughly anchored, by placing a strut against 
the side of the trench, driving in a strong stake and wedging tight against 
the fitting, or by means of a large stone. Take care that the anchor is not 
misplaced in backfilling. Plugs should always be held thus, for, while they 
might hold themselves after beconting soaked, they are apt to blow out when 
dry. 

Des^. Formulas of p. 371 apply. See diagrams in E. N, i^., Oct. 9, 
1919, p. 710, and in Working Data for Irrigation Engineers,** by Moritz, 
(Wiley, 1915). 

Repairs to a 24-in. machine-banded pipe at Norfolk, which leaked badly 
under normal pressure after operating at subnormal for several years, con- 
sisted in placing a rubber band, IJ X } in., over each joint and clamping it 
to tightness by a f-in. rod (with shoe), placed outside. Rubber band was 
omitted nnder the shoe; here the opening in the mprtise-and-tenon joint was 
calked.35 Leakage was reduced from 2500 to 360 gAl. per in. mi. per day.f#^ 

• Bee method# employed on S mi. of 8-iii. pipe, Jf. C., Feb. IS, 1914, p. 221. 
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> Machine-made Pipe for Distribution Systems. From experience^^^ 
cantonment work, some engineers state the chief difficulty lies in making 
connections either to valves or for service pipes; one engineer concludes that 
‘*it is not well suited to distribution work where specials and valves must be 
used liberally/^34 Where few house connections are required, present or future, 
and when there is a constant pressure which does not exceed 200 lb., wood 
pipe offers advantages over cast-iron. It has been used successfully on 
several New England systems.^^ At Antrim, N. H., built in 1896, head 
exceeds 200 ft. ^There is ‘‘infinitesimal leakage;’^ in perfect condition after 20 
3'’ears. At Campton Village, N. H., 12-, 10-, 8-, and 6-in. pipe installed in 
1905; head, 186 ft. ; no leaks ; no expense for repairs. At Freedom, N. II., head 
300 ft., installed, 1912. All pipe is in trenches.^^ 

Caynp DiXj N. Redwood, shipped from 

Pacific Coast (60,000 ft.) ; size, 6 to 16 in. Trench: 
minimum cover, 3 ft.; width, only slightly larger 
than diam. of pipe, at places not more than 4 in. 

Machines used, Parsons, Austin, Buckeye. Two 
men drive spigot end into socket, swinging a heavy 
log, used as a maul, from a rope, as the men stand 
on sides o( trench. Connections for hydrants were 
ordinary cast-iron specials, connecting to special 
specials (hell-and-spigot pieces about 2 ft. long). 

These bells have straight, smooth inner surfaces, 
made by inserting into the wood an ordinary corporation cock made with a 
wood screw. Slight line curvatures are made by wood pipe bends. 

Cast-iron Fittings. Cast-iron collars can be furnished tapering out to the 
end from the center of the inside, into which the ends of the pipe can be driven^ 
Machine-banded pi^ie can be fitted to standard cast-iron fittings having bell or 
hub ends, but makers furnish lighter fittings, amply strong, and smooth 
finished in the bell, at less cost, because lighter, and which save labor in fitting 
the pipe. 



Fig. 165. — S addle or 
split tee. . 

Service connections are 



Fia. 166.* — Wood elbow for wood pipe, 
. 6 in. and smaller. 



Fig. 167. — Service connection.* ^ 


Service Connections to Wood Pipe. Bore a hole in middle of a stavejwdth 
a eommon wood bit A in. smaller than outside diam. of thread on nipple bl . 
Corporation cock. Connection is then screwed in until its inner ei|l!i is flusb^ 
with inside of pipe. When making taps, under pressure, bore only 
pa bit gdee through and water begins to show; connection can then^^rj||^^p^K 
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in far enough to splinter off the thin piece of wood. In this manner taps can 
be made without drenching the workmen, but a service connection should 
have cock or valve attached before it is inserted, to hold water while rest of 
service is being coupled. Blow out thoroughly before connecting to house 
service to make sure connection is screwed in far enough to get full opening. 
An extension bit is convenient, as size can be adjusted to a nicety. 

Comparative Cost. The cost of laying machine-made pipe is less than for 
any other pipe for water under pressure; there is no special labor or extra 
material used in making inserted joints; the width of excavation is less because 
no joints are to be made and it is not requisite that men should get around the 
pipe in laying it; the pipe is light enough to permit being laid without the 
slow-moving block and fall. Even a 48-in. pipe can be lowered and fitted by 
eight men with four rope slings, and six of these men can drive the pi])e home. 
In wet trenches the cost of pumping is reduced. 


Table 96. Dimensions, Transportation, Hauling, and Laying of Wood Pipe33 


Size of 
pipe 

in inches 

Ouiaidc 
diameter of 
pijie in inches 

Weight per 
lineal foot 
in lb., 80 lb. 
prea. 

No. feet 
in carload 
(40-ft. car) 

No. feet 

2 hor.se 
truek can 
haul 

No. men 
used in 
laying, 
exelu.sive 
of foreman 

No. feet 
these men 
can lay 
in day of 

10 hr. 

6 

lOJ 

13 

3100 

341 

4 

2000 

8 

m 

16 

2600 

272 

4 

• 1900 

•10 

14 J 

19 

2100 

216 

4 

1700 

12 

16i 

23 

1600 

192 

4 

1500 

14 

18i 

26 

1200 

152 

6 

1400 

16 

20i 

30 

1000 

Ml 

0 

1200 

18 

22i 

33 

800 

128 

6 

1000 

20 

24 J 

36 

700 

112 

6 

800 

24 

28 J 

45 

500 

80 

8 

600 

30 

3f)i 

70 

275 

61 

8 

450 

36 

42i 

100 

160 

48 

8 

300 

48 

54J 

140 

100 

21 

• « 

1 

200 


DESIGN AND OPERATION 

Leakage depends on care in construction and the maintenance of constant 
pressure. Wood pipe is naturally more porous than metal. Hazen tested 
a factory-made section to 200-lb. pressure, which sweated all over, but there 
were no jet leaks;i 2 a the manufacturer considered it tight. Leakage between 
staves is increased when pressure forces the rings into the wood; this allows 
the bore of the pipe to become larger. Hazen could not get a line tight under 
150-lb. pressure because the required hoop tension crushed the fibers.i 2 a 
Pumping pressure variations, and emptying and filling, result in leakage. 
Leaks in 3Q mi. of distribution mains at Spokane, Wash., according to Hodg- 
man,'2b occurred “too fast to stop,^^ under pressures fluctuating from 18 to 
90 4b. (see also p. 359). El Paso line, 110 mi. long, was tested 'when 12 
years old. A machine-made section, 11.5 mi. long, with mostly inserted joints 
and aver, equated diam. of 17.29 in., leaked 15 gal. per in, mi. per day. A 
second section, 28.2 mi. long of similar type, but with an average diam. of 
9.64 in., leaked 262 gals, per in. rni. per day.^3 Leakage allowed in specifi- 
cations depends on conditions. Norfolk machine-made 30-in. line under static 
pressure tests indicated a leakage of 310 gal. per in. mi. per day, as against 8^ 
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gal. for lock-joint concrete pipe.^ Ledoux cites as a low 
leakage 500 gal. per in. mi. per day.i^ A 30-in. line at 
Suffolk, Va., was accepted by Quartermasters^ Dept., 
U. S. A., in 1919 when leakage had been reduced from 
1070 to 500 gal. per in. mi. per day.^s 

When placing new pipe in service, allow several days 
for pipe to soak and swell. On cantonment work leakage 
was reduced by filling the new line at a pressure or 1 or 
2 lb., and allowing it to soak 2 or 3 days before increas- 
ing to working pressure. 

Durability is dependent on metal bands, susceptible 
to corrosion (see p. 809), and wooden staves, subject to 
decay. Decay is a communicable fungus converting the 
wood substance and cell contents into food on which the 
fungus thrives. Air, water, and heat are essential to 
growth.* Extreme cold only retards decay, but heat 
above 150°F. stops it. A buried pipe will be protected 
from air and heat to some extent, and will be exposed 
to more constant moisture. Conditions that shorten life 
are intermittent filling; heads below 15 ft.; gravelly or 
open soils; alkali soils; cinder fills; contact with mine 
waters; and, on machine-made pipe, collars which fail to 
become saturated.*® Conclusions by D. C. Henny,^ 
from 30 years^ exi)erience, are: 

Redwood staves under constant pressure show little 
depreciation when buried (pipe line laid for Butte W, W., 
in 1892, in perfect condition in 1921), and show slow 
decay when exposed* for a large portion of the time to 
direct sunlight. When running partly empty decay is 
more rai)id, either when buried or exposed. Fir staves 
are liable to decay, slowly when exposed or when buried 
in tight soil free from vegetable matter, but rapidly when 
buried in open soil. Paint or a tar coating will retard 
decay. Creosoted fir staves have been used since about 
1912. Experience is too short to justify conclusions, 
but probably creosoting puts fir staves on a par with 
untreated redwood. These statements apply to sound 
wood only; the presence of sapwood hastens decay. It is 
becoming common practice, especially for large power 
pipe lines, to leave them exposed, supported on compete 
saddles which makes inspection and repair easy. Round 
steel rings and malleable iron pipe shoes are usually 
well coated with asphalturn, and suffer little corrosion, 
even when bUried.t No discontinuance is on record 
caused by excessive weakening by corrosion. The same 
is true of steel tongues inserted in butt joints. 


d»-i w 

oc 

TJHOO 


00 '-r 

^ O OIO 

d d d 

js, O CD 

d d d 

<5^ 

CD C (N 
qOCDt^ 

^ddd 

^ 

^ • CD 


♦ For life of timber set under conditions favorable to decay, see 1909 Report^ National ContervA 4 : : 
tion Commission. 

.tSee alsp J5. iV*., Aug. 26, 1915, p. 400. 
t Some pipes have been encased in concrete. 


Lead and Hemp at 10 cts. per lb. Labor at 50 cents per hour. 

• Catalog of A. W’yekoff A Son, Co., Elmira, N. Y. Similar claims in many catalogs of manufacturers of wood-pipe. See also p. 405. 
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Arthur L. cautions against attributing lack of durability to use of 

fir for staves instead of redwood, as an important redwood pipe line in Southern 
California, built about same time, had not shown much, if any, better results. ’ 

r. Chalkley Hatton^^ investigated (1907) wood pipe of irrigation work in 
West where continuous stave pipe has been used many years, and several 
municipal and industrial plants where both continuous and machine-made 
pipe has been in use at least 40 years. Continuous stave pipes where bruised 
either in handling or by cinching bands too tightly, in most instances suffered 
decay where pressure was less than 50 lb., also where longitudinal joints were 
wide at outer surface and contact not good, or at end joints not in close con- 
tact, or where a dry crack existed in end of stave before it was built into pipe. 
In many places where pipes were examined material in contact was at least 
60 per cent, vegetable matter, and no evidence of decay was found, although 
pipes had been in constant use 8 to 14 years; where top of pipe was only partly 
covered, or had but few inches of dry earth over it, dry rot had extended to 
depth of i to i in., but as soon as constant saturation was reached wood was 
sound. 'Greatest defects were in end joints, due to saw kerfs not being exactly 
in position, so that when metal tongue was inserted inner or outer edge of one 
stave was a little higher or lower than that of its neighbor. Another marked 
defect was in durability of steel bands. These bands are J to J in., in diam., 
coated with asphaltum i)itch or similar material, and supposed to be free from 
oxide when placed. Hundreds of bands when delivered had been exposed 
to weather sufficient time to give them a thick coat of rust. In this condition 
they were dipped, covering rust but not stopping its deteriorating effects. In 
many instances threads were badly ruvsted, not having been coated; and in 
most instances it would have been dangerous to move the nut, as stripping, 
would have occurred. 

The Continental Pipe Co,^^ concludes from 32 years>’ experience that (1) 
there is little difference in life of well-constructed wood pipe of proper material 
above or below ground, any difference showing only after many years; (2) 
wood pipe will last longer under comparatively high pressure than under low 
head, owing to greater saturation (there are many wood-pipe lines under 
practically no head in good condition after 20 to 25 years^ service); (3) life 
of buried pipe will depend somewhat on soil conditions. 

Life. Data from questionnaire (1921) of U. S. Reclamation Service'® on 
196 wood pipes, many of which were full part timq only, and some in alkali 
soils: Three pipes, of untreated fir staves but 4 years old, reported in poor 
condition; in wet soil, under but 15-ft. head, and full but part time. Of 
pipes installed 1911-1915, 85 per cent, reported fair or better; bands on one 
redwood pipe destroyed by alkali soil. Of pipes installed before 1910, 76 
per cent, in fair or better condition. From these data it was concluded that 
with some maintenance the average life should be 15 years. The Comm, on 
Depreciation of A. W. W. A. reported:' 7 ‘‘Ultimate experience somewhat 
limited, but thought to be in same class with steel; when weJl'protected, and 
constantly saturated, 30 to 60 years.’’ In a valuation for Eureka, Cal., 
State Railway Comm./ placed life of a redwood distributing system at 35 
years.'® I^oux'* places of a continuous pipe, properly designed andlai^, 
and kept filled with water, at 26 years, while good uncoated material 
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nately dry and wet will last but 12. years »• A pitch-pine pipe was dug up in 
Boston after 130 years (used 1789-1840) and found rotted on the outside only**? 

" A 3G-in. line built in cinder fill along the Pennsylvania k. R. gave trouble 
after 2 years, due to corrosion of the metal.*2d 

Creosoted staves and machine-made pipes are now obtainable. For methods 
of creosoting, see E, N. R., Oct. 4, 1917, p. 639. These offer: (1) longer 
life;* (2) less loss of water when first filling; (3) less tendency for bands to cut 
into the wood; (4) less maintenance; (5) cinching tight can be done when 
erecting continuous lines, as no allowance is required for swelling. Manu- 
facturers claim that creosoted pipe does not affect taste f of water.*® Horricks 
recommends straight distillate creosote, to avoid contamination of the water.^* 
Creosoting adds approximately 15 to 20 per cent, to the cost. 

Coating can afford protection to a degree only. Henny*® concludes that 
coating should be continuous and heavy, not less than tV in. to be 
fully effective, and should preferably consist of more than one coat of a 
mixture of asphaltum and tar, or of an application of gas tar followed by 
refined coal tar. Little experience can be quoted in support of all-tar coating. 
Partridge recommends for severe conditions, as in the tropics, coating the 
bands with red lead; no corrosion found after 26 years.** 

Design.^]; Staves are designed to take the unequal compression resulting 
from external loads. Swickard^^ develops the formula, based on compressive 
stress of 125 lb. per sq. in., 

t = + 3r, 

where t = stave thickness, in in. 

W == external load, lb. per lin. in. of pipe., e.g.^ for 6-ft. fill at 100 lb. per 
cu. ft. over an 8-in. pipe. 



6 X 100 
12 




33. 


r — rod radius, in in. 

For smaller pipes, this formula gives i impractically small. Rods are designed 
to take internal pressure and not to crush the wood; the latter governs on 
small pipes. 

Sf 

(a) Band spacing, Lm, when metal strength governs: Lm = 

(h) Band spacing, L«,, when wood crushing governs: L«, = 


where S - working strength of metal ring, in lb. 

P = watei" pressure, in lb. per sq. in. 

R = inside radius of pipe, in in. 
t = stave thickness, in in. 

• A = unit compressive stress in staves, varying in a straight line from 
125 to 15 for heads varying from 400 to 10 ft., respectively. 

I « pressure, in lb. per lin. in. of band, on indented strip under band. . 


♦Creosoted culverts installed in 1892 on Southern Pacific Ky., were free from decay in 
t m V. is., Vol. 79, 1917, p. 317. Bensen reports that tastes from standard creosotid 

pipe is not noticed after 26 days. In Tacoma pipes were treated with a preparation of ernsyUo odd , 
and fuel oil; tastes were recurrent over a lowr oeri^. ^ ... . 

1 S6e also Parker, “Control of Water*' (Van Nostrand, 1916), p. 466; and diagrams Ip 
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Bands for continuous pipe are designed for tension; upsets should have 
areas at roots of threads sufficient to develop strength of rods. In machine- 
made pipe,, a small wire or band closely spaced gives a more satisfactory pipe 
than a large metal element widely spaced; there is an economical limit, 
however (see also p. 364). 

Specifications. Those proposed by Partridge in T, A, S. C. E., Vol. 
82, 1918, p. 459, should be used with caution, as brought out in the discus- 
sions.* See also Swickard in E. C., Feb. 17, 1915, p. 146, and Ledoux in J, 
A, W, W. A,y Vol. 9, 1922, p. 567. Discussions contain excerpts from speci- 
fications of U. S. Reclamation Service and New York City Bureau of 
Sewers. 

Conduit Details. Air valves should be installed at all summits and blow- 
offs at all depressions. The collapse of the Seattle pipe22 was laid to ice 
blocking the vents. Air accumulations also hasten decay. 2 c Most makers 
of wood pipe sell air valves. Water hammer must also be considered (see 
p. 781, and .7. N. E. W. W. A., Vol. 9, 1922, p. 805). Economy will result if 
location requires fairly sharp curves and long tangents rather than long curves 
and short tangents. The flexibility of the pipe renders sus])ension bridges 
economical for deep, narrow valleys (sec E. N, /?., Jan. 24, 1924, p. 167). 

Costs. See Bull. 155, U. S. Dept, of Agriculture, 1915. Agtoria l)ipe, 
7i mi. of 18-in., cost the city, complete, 90 cts. per ft. in 1895; including 
engineering, it cost about $2 per ft. to replace this line in 1911. At Jerome, 
Idaho, 3100 ft. of 40-iii. pipe for 100-ft. head, in trench with 2-ft. cover, cost 
$2.87 in 1912 without engineering or administration charges ; costs are analyzed 
by Swickard in E. C., Feb. 17, 1915, p. 146; see also Table 94, p. 362. 
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CHAPTER 17 


CONCRETE AND REINFORCED -CONCRETE PIPES* 

Concrete Pipesf with inserted jointsj are suitable for gravity water lines 
or for lines under slight pressure where leakage is immaterial. The best 
mixture for small pipes is cement 1:4 sand and gravel. For 20-in. and 
larger pipe, use 1 : 3 mix. To all batches add hydrated lime, 5 per cent, by 
weight of cement. Cast on end. Every inch of circumference should be 
carefully tamped; do not displace core when so doing; otherwise pipe will 
vary in thickness. Pipes even of best materials and workmanship may be 
ruined if not properly cured. Curing should take place in open air unless 
there is danger of freezing. After pipe has set for about 30 min. sprinkle by 
hand with fine sprinkler. Drench after 2 or 3 hr., and wet often enough after 
that to keep from drying out, for 1 week. After 7 days^ curing, coat the pipes 
with a thin mixture of cement and water, pipes 4- to 12-in. diam. being 
dipped. All pipes should cure for 3 wrecks before being placed in the trench. 
Cement at pipe joints should be allowed to set 1 hr. before refilling the 
trench; use only earth free from stones and tamp lightly around joint. When 
cover of 1 ft. above joint has been put in, ordinary refilling may be used; 
36 hr., or preferably 48, should be given joints to set before turning water 
into the pipes. ^ See Standard specifications C-14-2(), A. S. T. M. 
Unfortunately manufacturers have not standardized types of joint for 
interchangeability. * 

Concrete pipe has been used on many irrigation and water-supply pro- 
jects in the West, and many machines have been developed for its manu- 
facture, typical of which is the McCracken packerhead machine. || (For 
discussion of machines, see Lainbie in Proc. Eiig. Soc, of Western Pa.y Vol. 38, 
1923, p. 486). 

Failures have been not infrequent; chief causes are excessive pressures, 
unequal settlement, contraction. Differential exjiansion of the shell caused 
longitudinal cracking of a 20-in. pipe nea» Tucson .2 Sewer gases have also 
been held accountable for disintegration of plain concrete pipe.3 The Dept, 
of Eng., State of California, investigated pipes in 1020; recommendations are 
summarized in E, C., Aug. 10, 1921, p. 143. For failure in alkali soils see 
p. 375. 

Vitrified pipes of double strength have been used as sewer, force mains 
under 7J-lb. pressure (12-in. diam.) at Shreveport, La. Asphaltic joint filler 
was used. Sound pipes are essential for this service.^ An 18-in. pipe under 
6-lb. pressure for water supply on Staten Island leaked excessively.® An 

* Mixtures designated in this chapter are generally approximate only. „ , 

fAlso called ‘"cement pipe” and “concrete tile.” Makers include Concrete Products Go., 
Pittsburgh, Pa. ; Independent Concrete -Pipe Co., Newark; Lock Joint Pipe Co.; A^ssey Concrete 
Products Co.; Pierce Mfg. Co., Bridgeport, Conn.-; Twining Concrete Co., Fresno, Cal. 

1 Bell-and-spigot or uip-joint type. 

]{ McCracken Machinery Co., Sioux City, Iowa. 
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18-in* fire-clay pipe on grade of 0.29 per cent, forms part of conduit for Ayr, 
Scotland, conveying 2.6 mgd.« Roots caused some troubles in joints of the 
15-mi. conduits (6-, 7-, and 8-in. pipe) at Flagstaff, Ariz.^i Infiltration into 
a tile line is claimed to have caused a typhoid epidemic at Brigham City, 
Utah.^2 Tight joints are essential. 

Etemit * In difficult isolated regions in Italy, pipes of Eternit have been 
used — a concrete made of asbestos fiber and Portland cement, remarkable for 
its lightness, hardness, strength, and imperviousness. It may have a compres- 
sive strength of 12,000 to 14,000 lb. per sq. in. and a tensile strength of 1,400 
to 2,000 lb. per sq. in. Pipes of Eternit are impervious to heads of 400 ft. 
The Apulian aqueduct has an Eternit pipe line near Locorotondo, which is 
6 in. in diam., 4920 ft. long, under hydrostatic head of 130 ft. There is also 
one in the Brindisi line, 12 in. in diam., 4265 ft. long, with hydrostatic head 
of 130 ft. They have given satisfaction. Promising experiments were made 
on their use for small diameters for distribution lines. These pipes can be 
sawed, turned, perforated, and riveted, and it is very likely that they may be 
adopted for use on service lines. Three types of joints are made.7 

Cement-lined Pipe. For nearly 50 years water pipes have been lined 
with cement in New England, and to a less extent elsewhere, to counteract 
corrosion and tuberculation of metal (see p. 388). Plymouth has htid nothing 
else since 1855, the pressures varying from 30 to 70 lb.; in 1900 a shop was 
equipped for lining soft-steel screw pipes according to the Phipps patent.* 
The patent is controlled by American Pipe Construction Co. Special tools 
are made by Union Water Meter Co., Worcester, Mass. The process of 
cement lining is not patented.* Heretofore, cement has been applied only 
to wrought-iron or steel pipes. For a list of notable installations outside of 
New England see Gibson, E, N. R,j Sept. 7, 1922, p. 387. In Saratoga 
wrought-iron pipe coated outside and lined with cement mortar was laid in 
1845. Cement-lined cast-iron pipe has been in use in many cities since 1920. 
Cement lining is used at Waltham, Mass., and elsewhere to protect service 
pipes against corrosion by free CO 2 . Stewarts & Lloyd, Ltd., Glasgow, have a 
process for lining centrifugally. 

REINFORCED-CONCRETE CONDUITSf 

Types. Conduits to carry water under pressure may be monolithic or of 
precast pipe; most of the latter types are patented. For heads above 100 
ft., American practice previous to 1915 favored monolithic construction. 
Pressure pipes,t long used in Europe, were introduced about 1915. 

Essentials. The conduit should have a wall thick enough to provide 
watertightness, rigidity, protection against erosion and corrosion; an interior 
surface smooth enough for good flow conditions, and sufficient reinforcement 
for the bursting, temperature, and handling stresses. Joints between pipes 
should require no bell holes, be watertight, not perfectly rigid, easily made in 
the trench, and capable of expansion. Good foundations and thorough back- 
filling are important. 

Italian agents are: Society Anonima ** Eternit/’ via Caffaro. Genoa* 

' Tk ^ Standard specifications for CtUvert Pipe are in preparation; address Amerioaa Concrete Inst*. 

gir;,/;: I Also termed/ 'steekjylinder pipe/* see P.37C. . . . . 
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Adirantages* Possibility of construction by local labor; sustained carrying ' 
capacity; and durability. Use of local materials will cut costs. .For com- 
parison with wood pipe, see 358. High carrying capacity; Ch — 138-152 on 
Tulsa conduit (see E, N, jK., May 28, 1925, p. 894) ; Ch = 146.5 on Denver 
conduit (see E, N. R.j Apr. 29, 1926, p. 678. 

Disadvantages. Deterioration in alkali soils, rusting of reinforcing and 
leakage resulting from poor construction. Difficulty of connections. Failure 
of a monolithic conduit under external loads occurred at Montreal. Section, 
7J by 9 ft. wide, designed for hydraulic grade 10 ft. above top of pipe, with 
earth cover of 5 ft. above crown, failed when canal was being dug 17 ft. away. 
Drag scraper on top of conduit imposed heavy loads, which, combined with 
inadequacy of reinforcement to take this unnatural loading, produced failuj'e.^* 
Damage of concrete pipe by electrolysis is not unknown; see Tech. Paper 52, 
1924, U. S. Bureau of Standards. 

Precast Pipe Conduit vs. Monolithic Conduit. No interruption during 
construction while invert forms are being placed and removed. Backfilling 
can follow immediately whereas on a monolithic conduit, it must await the 
setting of concrete. Forms constitute a less percentage of the cost of pipe. 
There is less waste of aggregate and cement at the centrally located plant for 
precast pipe. Methods of manufacture should result in more dense pipe. 
Trench opened is shorter with pipe. Pii3e can be laid to long radius curves. 
On the other hand monolithic, construction is not patented, and it may prove 
cheaper for heads below 15 ft., or for gravity lines. 

Durability.* Alkali soils contain sulfates of magnesium, sodium, and 
calcium, which in the presence of ground water attack poor concrete from 
outside and transform it into a sulfate of calcium, destroying its cohesion. 
This has wrecked sewers in Winnipeg and St. Boniface,^® and has affected 
concrete linings of sopic irrigation canals. On Winnipeg aqueduct, a portion 
’of 96-in. pipe with 8-in. walls suffered decay; it was combated by providing 
underdrainage, so that the ground Wffters would not stand in contact with 
the pipe. If water contains more than 3500 p.p.m. alkali salts, studies in 
Minnesota indicate docomposition.il 

Rusting. In Jersey City reinforced-concrete conduit tuberculation of 
steel has occurred where too near the surface of the concrete, like tubercula- 
tion on inner surfaces of steel pipe. 

Carxying Capacity t in well constructed conduits is high but may, in some 
cases, be lessened by algae growths,! and’by disintegration of the surface. 
Some elements leached out of the Sooke River conduit, and the interior, 
which Hazen described as smooth as glass, became quite rough. || Slime 
may be expected from waters of reservoirs containing algae growths, especially 
ip the East and Northwest. A depreciation of 10 to 15 per cent, can occur 
within 5 to 7 months, after which conditions remain fixed. Cleanings must 
be frequent to maintain original capacity; it may prove economical to design 
on basis of no cleanings. 

♦ See particularly Report National Research Council, "Marine Structures, Their Dete'rioratlbh . 
and Preservation," 1924. 

f^aleop;374. 

i See p. 297. 

I The pipe makers state that this has not occurred in other localUiee. 
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Table 97. Values of Ch and Kutter’s “n” for Concrete-lined Pipes Flowing 

Fulins 


Veloc- 
ity, ft. 
per 
sec. 

12 in. pipe 


48 in. pipe 


Cjj 

71 



Ch 

n 



1 1 

135 

0.0106 

137 

0.0107 

141 

0.0114 

1.50 

0.0115 


124 

0.0110 

127 

0.0115 

130 

0.0119 

136 

0.0120 


118 

0.0110 

124 

0.0115 

125 

0.0120 

130 

0.0121 

10 1 

112 

0.0111 

116 

0.0117 

119 

0.0120 

123 

0.0123 


* Applies also to eoiicrete and reinforced-coiicrete pipes. 


Mixtures used by U. S. Reclamation Service vary from 1: l-J :3 to 1:2:4. 
For important work under high heads, the Lock Joint Pipe Co. recommends 
reground sand;39 and a mix of Aggregate at St. John, N. B.,25 

was too harsh’’ for watertightness; the addition of 2 per cent, clay resulted 
in a “fat” mix, flowing easily. Watertightness is best obtained b}^ use of 
sufficient cement. 


PRECAST PIPE CONDUITS 

Reinforced-concrete pipe for pressures up to 150 lbs. per sq. in.* has 
been in successful use in Europe for more than 30 years, and in America for 
15 years. It is being continually improved. The pipe may l)e*(«) poured 
pipe, in which the concrete functions as a water stop, to protect the reinforcing 
steel and to provide a smooth waterway; (/>) steel cylinder pipe (Borina pipe) 


a 


b 


c 


Fig . 168 . — Reinforced concrete pipe. Three posit ions for mesh reinfontement : 
a, One layer to resist internal pressure; 6, two layers for great depths or high in- 
ternal pressure; c, one layer to resist external pressure. 





in which the concrete functions to protect the welded steel cylinder, which 
is the water stop, and the reinforcing steel, and to provide a smooth water- 
way; (c) centrifugal pipe, in which the concrete functions the same as in (a) 
but is more dense, and therefore capable of higlier heads. 

Typical installations. Recent lines using lock-joint pipe are: East Orange, 
N. J.,24 20-in.; Greeley, Col., 24 27-in.; Norfolk, Va., 36-in. ;i2 Tulsa, Okla.,i® 
54- and 60-in.; Denver, Colo., 20 54-in.; Cumberland, Md.,21 and Winnipeg.** 

Steel-cylinder pipe f is recommended where the head exceeds 100 ft. Over 
100 mi. of pipe containing a thin sheet-steel waterstop with spiral reinforce- 
ment for structural strength were installed in vicinity of Paris before 1900; 
heads, up to 130 ft.; diam., 1 to 6.5 ft.i^ A 20-in. line at Swansea, Wales, 

♦For use on low-head pipes, see E. AT., Sept. 28, 1916, p. 692, and E. E., 
Also teiixned '‘pressure pipe.’* 
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installed in 1905, and tested under 450-ft. head without leaking, is still in 
service. Bonna system is widely used in Europe.* Lock- Joint Cylinder 
pipe was recently used for the three high-service lines, Washington, D. C. 
Corrosion of steel cylinder is little feared, due to deoxidized condition of the 
water which may come in contact with it through an accidental crack. 


Table 98. Reinforced-concrete Conduits with Sheet-metal Core 
in Great Britainis 


Location 

Date of 
laying 

Use of 
main 

Diameter, 

in. 

Working 
pressure, ft. 

Swansea 

1905-1906 

Water 

20 

246 

Norwich 

1908 

Sewage 

86 

131 

Swansea 

1910 

Water 

24 

500 

Clydebank 

1910 

Water 

IS 

390 

Birmingham 

1921 

Water 

60 

255 


Centrifugal pipe, the latest type, is rendered extra dense by whirling at 
high speed in molds; Lock Joint Pipe Co., (1924) makes sizes from 


S3 

fi''. \'b\\ 


i 

f 'j 


^ 








SJS 




Longt+udmal Section 
PipQS Made m S ' io 12'Leng'f-hs 


Section of Jomt Before Putti ng Pipe To^ef he r 






» / . Circumferential reinforcement 

r ■ n n J j u J \ / ! varies with pressure 

Specially rolka ana welded .y t „ , , , , , \ 

^teeljprotecfed from corrosion^, Ftpre filled lead gersket calked . 

' from I aside of pipe after hack fill has/ 

Lonyiiuehhal reinforcement \ been placed. Impossible to blowout, - '< 


Inside of Pipe ^Spacefilled with mortar 

' Fi'n i sheolJ ofnt- to finish interior of pipe hhe 

Fig. 169. — ^Lead and steel joint. 

(Lock Joint Pipe Co.) 


12- to 36-m. It is also made in United States by Centrifugal Concrete Prod- 
ucts Co. of America, Dallas. Centrifugal methods have been popular in 
Australia, South Africa,*^ and Italy^ for a number of years. For Et^t 
Orange waterworks 2G-m. pipe was made in 1922 and for Greeley, Colo., 27-ini 
■ in 1922.** For bursting tests, see E. N. R., Oct. 9, 1924, p. 595. “ 

• For u«e »t Antwerp, see B. C„ July 31, 1918, p. 117. 
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Contraction Joints*^ are necessary, as a range of temperature of 35 degrees 
from summer to winter is common in covered pipe. In uncovered pipes, it 
would be much greater. Cracks and leakage result where contraction joints 
are omitted. * The early Sooke river line^^ which has sewer pipe joints, and 
no contraotion joints, contrary to the advice of the pipe company, leaked 
heavily for several years (see test data in E. N. R., June 17, 1920, p. 1210). 
Improvements to joints in recent years have decreased leakage. The two 
types recommended by the Lock Joint Pipe Co. are shown in Figs. 169 and 
170, They can be used in any of the 3 types of Lock Joint Pipes. No bell 
holes are required; a lead gasket j>rovides tightness; they can be deflected up 
to 6® or 7° without leaking. 


sS 






'niiy.wTiL-^^iLnLJir 

him ini 

ji l\ <iii| jmihiiHUm^ 


Longi+udincil S«C+’ion 


SiamJaroi Length 12 Feeh 


Machmeo! Cas t Iron Join t Rings 
Section of Jo'mf Before Putting Pipe Together 



Mctch'ineJ cone- shaped end of ' 
spigot, when forced into belt, 
auToma iica Uy calks the lead 

gasket and sfds thejaint. Longitud, ha! reinforcement 

jOutside circumferential reinforcement hes joint rings together 

\ spacing vanes with pressure fnside wire mesh reinforcement 

Cast Iron Joint Pingsc"-^ making network of steel thruoutptpe 


'Fibre fJ/ed lead gasket wh/ch 
IS calked by cone-shaped end 
of spigot entering bell 



Inside of Pipe 


Finished Joinf 


Pkj. 170.— Lead and iron joint. 

(Lock Joint Pipe Co. ) 

Leakage. Contract retiuireinents generally limit leakage to 200 or 250 
inch gals, per mi. per day. For data on typical installations, see J. A. W, W. 
A.^ VoL 5, 1918, p. 423, and J. N. E. W, W, Ai, Vol. 38, 1924, p. 250 et seq. 


MONOLITHIC CONDUITS 

Monolithic conduits are used where the heads are too great for precast 
pipes. ‘Notable aqueducts are: Kensico by-pass, Catskill aqueduct; Jersey 
City ;2» Cedar Grove, N. J.;®® HuCsca, Spain Pinto and Cottonwood, Ariz. ;32 
Forest Boise, Idaho Saugus, Los Angeles Pala:8»o San Gervasio, 

Italy Grenoble, France.ts » 

♦Se« Ijpijgley» I. N. B, Wi W, A., Vol. 38. 1924, p, 258. 





Design Methods, F. F. Moore, in /. 4ssn. Eng, Soc,, VoL 47, July, 1011, 
outlines designing methods for reinforced portions of Catskill aqueduct. 
For la^rge diameters, not far below hydraulic gradient, loads are not uniform 
around the circumference. Internal load results from hydrostatic head, 
i generally about two to three times the diameter of pipe, giving greater pres- 
sure at bottom than at top. External load comprises weight of masonry, 
refill, and embankment. Non-uniform loading induces in ribs, besides direct 
stresses, flexural stresses of important magnitude. Sections were investi- 
gated for controlling load conditions at all critical planes with reference to 
both stresses; in general, design of steel to take all stress met condition 
imposed for concrete and steel acting together. 


^ 



f ExcavcrUon 
sha//be 
measured -hr 


Mass Conc! 
Cradle 


In Compact Earth 


P 2 4 6 »• 10 Ig 
Feet 



( ttcawtiorj and 
masonry rdtallbe 
measured for pay 
merrf foihis line 
beyond rthkh no'" 
rock shetH ptojcck 
more than 3 '^ y'' Mass 

f . • A ■ Concreie 
Lining on sides 
andinrerf rtcjuired 


'LxcavaHon , 
shall be 
measured for 
paymenf fo 
this tine 


Hard packed rock 
debhs, grbuied if 


In Rock and Earth' 


, \{ Drain from 

Kensicoefrfuenf 
^gate chamber 

Fig. 171. — Iteinforced concrete aqueduct. Types in open cut. 
(Konsico effluent, Catskill aqueduct.) 


Trial sections, perfected sufficiently to answer tlie purpose, were used 
to determine economic shape of masonry section, and relation between con- 
crete and steel areas. This involved investigation of several possible loadings 
to discover critical position. Stress determinations were largely graphical.’*' 
Resultant force lines were drawn in usual way; that force line which fixes 
position of center of internal stress in materials being determined by Cas- 
tigliano’s theorem of least work, f 

Semicircular condidtjX^’^ 24- to 36-in. diam., under maximum head of 23 ft., 
was built of gunite on mesh at Tacoma, Wash. Top was a 3-in. precast fiat 
slab. This shape was selected as best adapted to application of gunite. 

Palazzo San Gervasio conduit (Fig. 172) has series of ribs supporting the 
pipe; they are designed to take care of secondary stresses, which are 
important in pipes of large diam,, causing a shifting of the tension curve 
some distance out. Some steel is placed as far out as possible. This 
siphpn is 14,300 ft. long, and under 79-ft. head. 


♦ Th^ tiBual pr eliminaries of arch analysis were followed, t.e., the arch rib was divide<|iliito vdllih ; 
Wdn of .quiJ length along the axis, the magnitude and direction of fo^ determined, eto. _ ^ 
t Buit, “Elaeticity and Resistance of Matenals of Engineenng,” (Wiley, 7th ed,), 

■ See' also p.278.‘ 
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PART IV 

DISTRIBUTION OF WATER 


CHAPTER 18 

CAST-IRON PIPE AND FITTINGS 

’ Use. Water is distributed in most American municipalities through 
cast-iron pipes. Connections between the street mains and the houses, known 
as ‘^service pipes,'’ are cement-lined, brass, or wrought pipe (see pp. 349, 374, 
431). 

Advantages of cast-iron pipe: Thickness sufficient to provide ample safety 
against corrosion, bursting, handling, air pressures,* and trench loads; 
dimensions standardized; jointing by cheaper labor than in steel pipe; tapping 
and making service connections more readily done than with steel, wood,t or 
reinforced concrete; long life; good hydraulic flow condition, if properly 
coated and maintained dependability under fire demands. In Santa Barbara 
earthquake, 1924, the cast iron lines, 124 miles long, suffered but 2 breaks. 

Disadvantages. First cost§; weight; high freight ratef^; tuberculation by 
soft and colored waters which may reduce carrying capacity as much as 71 per 
cent. II ; liability to elcctr()l 3 "sis; external corrosion from acid soil. Under usual 
specifications, wasted of material may be possible. Steel pipe for special 
conditions, e.g.^ dipping under sewers, (;an be fabricated to dimensions required; 
cast-iron pipe specials requiring a new pattern and mold would raise the cost 
beyond reason; use of standard specials would lower the cost but more space 
might be occupied. 

Specifications. N. E. W. W. A. adopted standard schedules and specifi- 
cations, Sept. 10, 1902. Subsequently other schedules and specifications • 
were issued by A. S. T. M. (Nov. 15, 1904), U. S. Cast Iron Pipe & Foundry 
Co., American Cast Iron Pipe Co., American Foundrymen's Assn., and Cana- 
dian Soc. C. E., which are essentially like’ those adopted May 2, 1908, by 
A. W. W. A. and regarded as the manufacturers' standard. These two stand- 
ards have few differences in the specifications, but the schedules, and the 
castings made from them differ materially because of the methods of adjusting 
diams. to changes of thickness to obtain various classes of pipe for various 
pressures in service. Manufacturers, however, often make pipe on order 
differing from these standards.** For comparison of the United States stand- 

* Elimination of air valve makes a conduit to that degree foolproof. 

t Seep. 367. 

I See also p. 421, as to cleaning. , ... 

5 On basis of ultimate cost (maintenance and depreciatum capitahzed and added to the bid 
prices) Cleveland selected lock-bar pipe in 1922 for the 60-in. conduit, Kirtland stati^p to Fair- , 
mbunt reservoir. 

J Extreme value and for small pipe. 

Use of thicker pipe than pressures require. , 

Itoohester used 37-in. pipe at a saving on 7.7-mi. conduit (see E. R., Sept. 26, 
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ard bell with the English'*' and French, see J. A. W. W, A,, Vol. 8, 1921, 
p. 162. Carsoni claims that the American standards result in pipe 50 per 
cent, heavier than used in European practice. 

• Revision, Committees from the two waterworks associations have been 
collaborating since 1916 on revisions (sec the Journals for Progress Reports). 
The important changes suggested are: uniform outside diam. for different 
classes (thicknesses) of pipes of tlie same nominal inside diam.; inclusion of 
flanged pipes; definite relation preserved between breaking load and flexure ;t 
chemical composition; im])roved coatings. In the N. E. schedule there is 
an inconsistency which should be corrected: for 30-in. and larger pipes and 
specials, the thickness of the bell, or socket, is less than the thickness of the 
barrel of the pipe, for the heavier classes. 

Design Standards. The N. E. and A. W. W. associations publish their 
standards in pamphlet form, for sale by the secretaries at nominal charge; 
catalogs of manufacturers also contain these data. They should be in the files 
of every waterworks designer. Manufacturers make many fittingst which 
can be utilized to meet special conditions. Such fittings include wall castings, 
offsets, bell mouths, side-outlet tees, side-outlet bends, headers, and reducers. 
See dimensions in catalogs, notably American (^ast Iron Pipe Co., James B. 
Clow & Sons, Warren Foundry & Machine Co., R. D. Wood & Co., 
U. S. Cast Iron Pipe & Foundry Co. Pump manufacturers§ also utilize some 
short specials to save space. For important connections steel castings are 
frequently used, instead of cast-iron specials. 

Thickness of Cast-iron Water Pipes.2 The heads in ff. to which the 
casViron pipe thicknesses specified by N. E. W. W. A. conform, are given 
by the formula: 

a; + ;/.) . ^ 

H = head, ft.; P = pressure, lb. jicr sq. in.; t = thickness, in.; d = diam., 
in.; Hr and Pr being allowances for water-hammer. Committee of A. W. 
W. A. recommends the following values for IP and Pr'- 


d. In. 

Hr, Fr 

Pr, T,B Phil 
8 q In. 

4, 6, S, 10 

277 

120 

12 and 14 

251 

no 

16 and 18 

231 

100 

20 

, 208 

90 

24 

197 

85 

30 

185 

80 

36 

174 

75 

42 to 60 

102 

70 


Fanning^ 8 formula^ for thickness in in , 


t = 




100 / 


S = ultimate tensile strength of cast iron, lb. per sq. in. 


* Bnlieh Eng Standardil Comm , issurd sprrifications in 1917. 

t Dr.^lwoldenke investigated this for the manufacturers. See views in J. N, E, Wn W* 
Vol 37, 1923, pi. . , . 

t Eor important connections, steel castings are sometimes used. 

I UrmneU Co, have developed specials. 


aAST^imm 

of the heaviest cast-iron pipes known is at Scranton, Pa., where thei^ 
are 3 mi. of 48-in. pipe, parts of which are under 600-ft. head; the pipes are 
2 in. thick. It has been found by experience that, for handling over rough 
roads, 30-in. cast-iron pipe should not be less than ^ in. thick.3 Thickness 
required in the standard schedules have been often questioned as wasteful 
of materials. Diven^ cites a pipe at Troy holding for 85 years, which in a 
portion of its eccentric section wa$ but 25 per cent, of thickness now required. 
He reports a class B pipe operated successfully under 165-lb. pressure. J. N. 
Chestersa believes the present weights too heavy; American Waterworks & 
Electric Co. successfully used 6-in. 30-lb. pipe under 300-lb. pressure at South 
Pittsburgh. Metcalf knows of miles of 6- to 12-in. class A pipe that have 
stood 125 lb. for decadesSb (see also p. 400). At Whittier, Cal. in 1921, use 
of iron tested to 23,000 lb. per sq. in. and proportioning pipe thickness by 
Fanning^s formula saved on 305 tons, $13,000 on manufacturing and $20,000 
in freight.® High-strength* pipe has been installed also at Greenville, S. C., 
Omaha, Tulsa, Kansas City, Mo. 

Foundry Inspection. Cast-iron pipe should be inspected at the foundry 
by inspectors delegated by the engineer. Particular attention should be 
given to specials. Crosses are more often defective than tees;^ the failure of 
a cross puts the four intersecting lines out of service. Need of rigid inspection 
is shown by Saville’s experience on Hartford waterworks® (1912-1915); 11 
per cent, of 6588 tons of straight pipe inspected was rejected; sizes, 4 
to 24 in., class C pipe; rejection of specials averaged 24 per cent. The chief 
causes of rejection were: bad bead, dirty bell, core scabs, and uneven pipe. 

Methods of manufacture and inspection are given by W. R. Conarcl, 
/. N. E. W. W. A., Vol. 35, 1921, p. 205; by T. H. Wiggin, /. Assn. Eng, 
Soc., Vol. 22, 1899, p. 218, and Maury, /. A. W, W, A., Vol. 12, 1924, 
p. 7; the same for Duane type of flexible joint, in E. V. R,, May 11, 
1922, p. 780. 

Stresses Due to Refill.®^ Forces considered: internal static pressure, 
water-hammer, those caused by earth refill over and around pipe. 

d = inside diam., in. 

t = thickness, in. 

F = depth of earth above top of pipe, ft. 

8 = permissible stress, lb. per sq. in.; 4400 for cast iron (equivalent to 
safety factor of 5 for good iron). , 

W = weight of earth over 1 lin. in. of pipe, assume 115 lb. per cu. ft., and 
outside diam. of pipe 1.05d] W = 0.84Fd. 

di average diameter of shell = about 1.025d. 

M breaking moment normally present from earth 
= = 0.0538Fd2. 

Resulting maximum circumferential stress in metal is 
Si = 6M -f- /* = 0.323W2 stress available for resisting water pressure 
is 4400 less this amount; of which one-third is allowed for water 
ram. Hence stress allowable for resisting static pressure is: ^ 

Si = J(4400 - 0.323Fd2 «*). 

♦ Trade name it Hi-teniile.*’ 
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H, head in ft. that can be carried by a given stress, 

= (13,500^ ■^d)-Fd-¥ t. 

Allowing 0.10 in. in country pipes and 0.25 in city, for inaccuracies of 
manufacture, etc. 

t = 27^00^^^ \/54,00()?’ 4- H^) + 0.10 (country) 

t = + \/54,000F + 0.25 (city) 

General formula: 

t = g ^ 27. WS + + 0.10 (country) 

t = + V27lFS + m) + 0.25 (city) 

Assuming that pressure due to refill is vertical and uniformly distributed 
over upper surface of pipe, with no considerable horizontal pressures against 
pipe, elastic flattening ?/, in in., or reduction of vertical diam. of relatively thin 
pipe is: 

y = w(d + t)^ -r- whence w = ^Et^y 4 - (d + t)*. 

w = uniformly distributed vertical load per sq. in., lb. 

E = modulus of elasticity of pipe metal = 11,000,000 for cast iron and 
30,000,000 for steel and wrought iron. 

Data from experience or experiment arc few, but assume, where heavy 
road rollers, etc., do not pass over pipe, that at least two-thirds weight of 
refill acts as uniformly distributed vertical load on pipe and produces circum- 
ferential bending stresses. Whence maximum stress in outermost fiber, S = 
0.375iy(d + ty 4- Assuming refill 6 ft. deep at 115 lb. per cu. ft., S = 

1.2^ - - ^" ^ * In general, {d + t) = 37 for thinnest large cast-iron pipes 

and 193 for thinnest large steel pipes. Severe circumferential stresses are 
caused in cast-iron pi])es by settling of several lengths, producing leverage 
pressures in joints on tops and bottoms of spigots. Assume this load vertical, 
uniformly distributed over horizontal mean diam. and on effective width of 2 
in., and resisted by 12 linear in. of spigot end of pipe; then unit load, 



Taking 27,000 lb. per sq. in. as ultimate strength for cast iron in flexure, for 
36-in. pipe, 1 in. thick, w ~ 316 lb. i>er sq. in.^h See also Bull. 22, Univ. of 
Illinois Eng. Expt. Sta., A. N. Talbot, 1908; E. N., Dec. 15, 1904, p. 647, W. 
W. Patch; T. A. 8. C. E., Vol. 38, 1897, p. 93, D. D. Clarke. 

Design of Pipe. By formula developed at the Iowa State College Experiment 
Station:^! 

W s= ewb^j where W = total load per lin. ft. of pipe, c = coefficient taken 
from fo^owing table, w «= estimated weight of backrfilling material, lbs. per cu. ft., 
and h = breadth of trench at or slightly below top of pipe, h « depth in feet of 
backfilling over tojJ of pipe. 
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Table 99. Values of Coefficient c 


Ratio 

h 

b 

Min for unsettled 
com moil 801 1 

Maxir^uin for 
sand 

Wet clay 

Maximum for 
saturated clay 

4 

2 04 

2 22 

2.49 

2 66 

5 

2 22 

2 45 

2 80 

3 03 

6 

2 34 

2 61 

3 04 

3.33 

7 

2 42 

2 73 

3.22 

3.57 

8 

2 48 

2 82 

3 37 

3.76 

9 

2 52 

2 88 

3 48 

3 92 

10 

2 54 

2 92 

3 56 

' 4 04 


Coefficient c for wet clay is recommended for use in all cases except where 
entirely different material is known to exist. The materials named in the table 
are estimated to weiRh 100, 120, 120, and 130 lb. per cu. ft., respectively in the 
order named. 

Breakages of cast-iron pipes, although but a very small percentage of 
total number of i)ipes laid, arc, unfortunately, frequent and sometimes dis- 
astrous. Common causes are: unequal bearing (a rock or other unyielding 
object under a })orti()n of the jape) ; excessive external load, due to refilling in 
trench; undiscovered defects of casting; cracks caused in transportation or 
laying. An unusual cause is assigiu'd by John W. Alvord for breaks in 
Cincinnati, Ohio, one in a fiO-in. main, If in. thick, in good condition, bottom 
15.5 ft. below street surface, Dec. 13, 1913; the other in a 4(S-in. main, Sept. 13, 
1014. At and near breaks, each spigot, at some place in its circumference, 
bore on bottom of adjacent bell, and pi])e line was laid on a horizontal curve 
of large radius. External pressures due to moving ground and f)ther causes 
were exerted on convex side of curve, throwing ))i])e into longitudinal com- 
pression. In each case a large ])iece w’^as broken out of one pipe, including the 
half of the bell on the t’onvex sid(‘ of the curve, and tapering toward the spigot, 
))cing S ft. long in tli(* bO-in. ))i])e and over 10 ft. in the 4S-in.^<> 

In 20 years (1894-1914) there have been 47 breaks in the 48-in. main of 
Louisville* Water Co.n from Crescent Hill reservoir, chiefly in cold weather. 
Pressures have ranged from 10 to 85 lb., but most of the breaks appeared 
independent of ])ressure; 21 ]u*(*aks wxre circumferential (cracks), 25 were 
either longitudinal si)lits, or had ])ieces ])roken out, and 1 was a split hub. 
Leisen concludes that tein])erature stresses — both latent internal, and cold- 
weather stresses— were chief cause. The si)ccial type of joint prevented 
pipe accommodating itself to settlements ('Hupe). 

In 22 jTars there have })eeni2 07 breaks in Hartwell Ave. line, Philadelphia, 
and in 10 years, no breaks in the similar line on Rex Ave. Davis blames poor 
quality of metal; high phosphorus content— 1 .33 per cent. The firm supply- 
ing this pipe has discontinued pipe founding.43 

Reinforcing Weak Castings. In obtaining an emergency supply for 
Worcester, Mass.,i3 September, 1911, no time was available for returning to 
the pipe foundry 30-in. pipe castings not up to the specified thickness. A local 
foundry shrunk on circular reinforcing bands of steel, giving a factor of safety 
of 3 or 4. 

Cost of Cast-iron Pipe. Fittings cost about 175 per cent, of standard 
and-spigot pipe; flanged pipe, 250 per cent., and flanged spfecials 250 








386 


WATERWORKS HANDBOOK 


In rough estimates of cost of systems, it is usual to figure only on straight pipe, 
and apply a factor of 1.05 to 1.10 to cover specials. Eecords of fluctuatioM 
of costs of cast-iron pipe are often required in valuation suits, t/onsuit. 
“The Price History of Cast-Iron Pipe” (U. S. Cast Iron Pipe & Foundry Co.), 
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Fig 173 — Diagram of costs of cast-iron water pipe. 

» diw..b,’w. E. 4 J. 

Fir, and Void, Ek,., to. 10, 192a, p. 98, J. A. W. V. A., Vol. 6, 1918, p. 148, 
and V6l. 11, 1924, p. 762; and E. C., April, 1924, p. 789. Better prices are 
sometimes obtained by off-eeason purchasing; see E.N. R., Oct. 26, 1922, pp. 
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675, 765; Gordon^s study indicates that the summer purchaser has heretofore 
got better prices but Sherman questions this in ^^Statistical Analysis of 
Cast-Iron Prices,'^ 190(K1923.* 

Figure 173 is useful in making estimates as prices of cast-iron pipe are 
quoted by makers by the ton, while the engineer is generally interested in 
costs per lin. ft. Most manufacturers use A. W. W. A. specifications. Having 
class and cost per ton, as, say, 24 in. class D, and $60 per ton, lay a straight- 
edge through these points on right and left lines respectively, and read $9.50 
per lin. ft. on center line. 

Capacity. For flow formulas, see pp. 754-760. All studies of capacity are 
conditioned on age of pipe, since corrosion f produces tubercles and roughnesses 
which cut down the discharge materially. Tubercles can be removed and 
carrying capacity improved by cleaning (see p. 421). The 10-inch conduit 
at Malone, N. Y.,i5 sustained its capacity for 38 j^ears, and tested to = 130. 

Discussions of relative carrying capacities of cast-iron, wood, steel, and 
reinforced-concrete pipes in the engineering press should be interpreted in the 
light of the commercial connections of their authors. 

Depreciation, or deterioration of carrying capacity, in a pipe protected 
from electrolysis is caused chiefly by corrosion, sedimentation, or incrustation 
on the interior, Hodgman concludes from replies to a questionnaire, summarized 
in J. A. W. W. A.j Vol. 5, 1918, p. 148. He cites a pipe at Lockport 20 years 
old which had lost 60 per cent, of its capacity. 

Uncoated pipe conveyed Schuylkill Iliver water in Philadelphia for 98 
years; accumulation of scale measured ^ to J in.*® In 1897, 1000 ft. of 22-in. 
pipe laid in 1817 in Philadelphia was found tuberculated to only 4.2 per cent, 
loss of waterway .24e Deterioration of 25 per cent, in 8 years in the Liverpool 
42.5-in. main is reported by Macaulay,** and of 40 per cent, in 20 years for 
Manchester, 44-in. mains. 

Nodules consist largely of ferric and ferrous oxides and originate, appar- 
ently, from the action of CO 2 in the water on the metal through imperfections 
unavoidable in all forms of bituminous coatings (see analysis in E, A., Aug. 
6, 19i4, p. 328). Iron bacteria arc also an agency. Lime treatment and 
deaeration have been tried as ])reventives, and have proved unsuccessful and 
costly.** The following corrosion phenomena are cited by Chester: lime and 
iron coagulants tuberculatc some pipes rapidly; hypochlorite applied without 
filtration, and acid mine waters both act as^ tuberculators. It was observed 
that 4-in. pipe lost capacity faster than 16-in. under the same conditions; 
eddy currents are held accountable for this. 

Soil (or graphitic) corrosion J is not well understood. Often corrosion 
attributed to stray currents is due to soil; the confusion arises because both 
forms involve chemical action. Corrosive soils include those formed by 
vegetable decay, such as muck, peat, and others found in swampy places. 
Some alkaline soils of the Western United States and Canada are also 
destructive of iron and lead pipes. 

Self-corrosion of iron pipes remote from sources of electrolysis has been 
reported from Selkirk and Brandon, Man .,20 at Calgary, and at Pierre, S. D-, 

*Harvax^ Graduate School of Business, 1924. 

f lu the case of soft waters. 

iFor el^trolysis, see p. 42S. 
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as occurring both on the barrel and at the joints. The soil is generally a wet 
alkaline clay in which Portland cement concrete deteriorates rapidly. 
Cinders, ashes, and filled ground containing refuse often produce extremely 
acute and rapid corrosion. Salt marshes not only corrode but accelerate 
stray-current electrolysis, and investigations by Davieses led him to conclude 
that graphitic corrosion is probably an electro-chemical reaction set up within 
the substance; that the less homogeneous the cast iron, the greater the gra- 
phitic corrosion; that in injurious waters gray cast iron will be acted on 
unless made in molds with burnt sand facings, and further protected by dip- 
ping in hot pitch or asphaltum. 

Protection against corrosion is required both to prolong structural life of 
pipe, and to sustain its carrying capacity. Standard specifications for 
coatings have not produced the desired protection against tuberculation; 
committees of the waterworks associations are now promulgating new ones. 
Killam2i cites the disappearance of coatings conforming to the specifications 
from pipes in storeyards of the Metropolitan Works, Boston. Coatings* 
are generally applied by dipping (see Wiggin, /. Asm. Eng. Soc.^ Vol. 22, 
1899, p. 222). 

For coating very large special castings, modification of the specified 
requirements is necessary, since there arc not large enough heating ovens and 
dipping vats in existence. A tar or asphalt varnish may be applied with a 
brush to the cold casting, after thorough cleaning, or somewhat better results 
may be obtained by locally heating the casting with large gas torches and 
immediately applying the varnish hot. Foundries today, in general, use a 
crude coal tar for coating; Church22 believes that better results would be 
obtained if limits are fixed for consistence and free carbon in the tar. Spring 
Valley Water Co., San Francisco, dips its own pipe (see p. 818). Bitu- 
rnastic enamel on cast-iron pipes of Narrows si])hon, New York, was found in 
good condition, with little sign of tuberculation, after 7 years.^2 

Cement lining of cast-iron pipe is recent (for cement lining of wrought-iron 
and steel pipe, see pp. 324 and 374). Pipes at Charleston, S. C., could not be 
kept free of tuberculation, due to the action of the soft water, although repeat- 
edly cleaned. Tests on a 6-in. line 35 years old showed Chezy\s C = 34 before 
and 90 immediately after cleaning; 14 months later, C was 61. Soil conditions 
were unsuited to steel or wrought-iron pipe. Therefore, it was decided to 
install new pipe, cement — lined at the foundry; Gibson described methods in 
E. N, R., Sept. 7, 1922, p. 389. A 42-in. cast-iron conduit supplying Liver- 
pool from a distribution reservoir is being lined with a strong cement mortar 
applied by a special spinning process.23 Cement-lined pipe is manufactured 
by all makers; they have proposed a Standard Specification. t 

Life of Cast-iron Pipe. A section of 12-in. cast-iron service pipe, made by 
the Washington Iron Works, Newburgh, N. Y., laid in 1854, as a portion of the 
mains of that city, was dug up in 1909. The casting was originally in. 
thick, and was buried in ordinary meadow land; long service had produced 
very little reduction in section; the outside appeared in almost the same 
condition as when laid, having been protected by a deposit of alkaline scale; 


* See pp. 314, and 814. 

t It is the present practice (1926) of C. W. Sherman, to Hpecify cement-lined cast-iron pipe for 
mnewlmee. . 
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the inside showed some pitting and corrosive effects. Cast-iron pipes laid in 
Paris and Versailles, France, in the seventeenth century, are reported still in 
service and good condition after 260 yrs. 

London and Glasgow have records of 120 years’ service for cast-iron pipe.24a 
Pipes intended for 150-ft. head were used in Lowell, Mass., from 1830 to 1890 
under 200-ft, head without signs of failure.25 Examination in 1913 of 48-in. 
pipe laid in 1867 near the large reservoir in Central Park, New York City, in 
low-lying ground, wet most of the year, showed outside coating practically 
perfect.24b gee also p. 387. 

Bell (Hub)-and-spigot Pipe. Corrosion of flanged joints in system of 
Chelsea Water Co., London, led Simpson to introduce bell-and-spigot pipe in 
1785.26 Weakness of this joint is inability to take excessive pressures without 
blowing longitudinally. At curves where thrust is unbalanced by friction 
on the pipe, the bend must be secured to adjacent pipes by lugs and rods, 
or by masonry abutments (see p. 404).* 

Laying length of cast-iron bell-and-spigot pipe is 12-ft. standard, but 
makers are prepared to make on order 16-ft. lengths. This saves weight, 
lead, calking labor, freight, and reduces possibility of joint leakage 25 per cent. 
Council Bluff, used the longer lengths in 1915 on a 6-in. line with a saving of 
3 per cent, in cost .2* 

Flanged Pipe and Fittings. Standard schedule of flanged fittings and 
flanges was adopted Mar. 20, 1914, by Joint Committee of National Assn, 
of Master Steam and Hot Water Fitters, Am. Soc. M. E.,t and Com. of Manu- 
facturers on Standardization of Fittings and Valves. Eflective Jan. 1, 1915. 
Tables 100, 101, and 102 contain committee’s schedules (which supersede all 
previous schedules). 

Specifications proposed by A. and N. E. W, W, A. 2® Flanges shall be cast solid 
and shall be accurately faced smooth and true. Holes for bolts or studs shall be 
drilled, and the flanges shall be tapped where required. The contractor shall 
furnish and deliver all bolts and nuts for bolting on manhole (covers. The bolts 
and nuts shall be of the best-quality wrought iron or mild steel, with good, sound, 
well-fitting tli reads, the nuts to be cold punched. The heads and nuts shall be 
hexagonal and shall be trimmed and chamfered. The heads, nuts, and threads 
shall be of the U. S. Standard sizes. 

Flanged joints vs. bell-and-spigot. Flanged joints cost at least 80 per 
cent, more, are tighter under high pressures, have almost no flexibility to 
take up irregularities in alinement, will not’ blow out at curves, are easier to 
replace single pieces, and will not leak when subject to pump vibrations. 

* Blowing out of a 45® bend in a 42-in. main at Wilmington, Del., is described in E. R., Sept. 25, 
191.5, p. 390. 

t Committee Is preparing revisions (1920). 
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Table 100. Standard Flanges* 

(All dimensions in inches) 



^ ^ Flftagw lor Ug„, 


(60-lb. preBSure) have not been standiudiaed Cnee F. If* R** 
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Table 101. Standard Flanged Fittings (Except Short Body Eeducers) 

(All dimensions in inches) 

Standard weight. Working pres- .Extra heavy. Working pressure, 2501b. per 
sure, 125 lb. per sq. in. ' Bq. in. 


B 

G 

A 

C* 

D* 

E* 

Min. 

metal 

thick- 

ness 

A 

C* 

D* 

E* 

Min. 

metal 

thiok^ 

ness 

5 


34 

li 

51 

11 

A ; 

4 

2 


2 

4 



3i 

2 

61 

11 

A 1 

41 

21 


21 

4 

6 


4 

24 

7 

2 

A 

44 

2 } 

84 

24 

4 

6J 


44 

24 

8 

24 

A 

5 

3 

9 

24 

4 

7 


5 

3 

94 

24 

A 

54 

34 

104 

24 

A 

7| 

6 

64 

3 

10 

3 

A 

6 

34 

11 

3 


H4 

64 

6 

34 

114 

3 

A 

64 

4 

124 

3 

A 

9 

7 

64 

4 

12 

3 

4 

7 

44 

13 } 

8 


91 

74 

7 

4 

124 

3 

4 

74 

44 

144 

34 

1 

lOi 

8 

74 

44 

134 

34 

4 

8 

5 

15 

34 

H 


9 

8 

5 

144 

34 


84 

54 

174 

4 

1 

12} 

10 

84 

54 

164 

4 

1 

9 

6 

19 

44 


14 

11 

9 

54 

174 

44 

1 

10 

6 

204 

5 

1} 

15i 

114 

10 

6 

194 

44 

u 

104 

64 

224 

5 


164 

12 

11 

64 

204 

5 

f 

114 

7 

24 

64 

il 

19 

14 

12 

74 

244 

54 


13 

8 

274 

6 

1 

21J 

16 

14 

74 

27 

6 

i 

15 

84 

31 

. 64 

14 

221 

17 

144 

8 

284 

6 

i 

154 

9 

33 

64 

1 A 

24 

.18 

15 

8 

30 

64 

1 

164 

94 

344 

74 

11 

264 

19 

164 

84 

32 

7 

lA 

18 

10 

374 

8 

1 ! 


464 


62 

69 

52 

64 

714 

54 

66 

74 

56 

58 

764 

58 

60 

79 

60 

62 

8 I 4 

62 

64 

84 

64 

66 

864 

66 

68 

89 

68 

70 

914 

70 

72 

94 

72 

74 

964 

74 

76 

99 

HE 

78 

1014 

78 






Reducing Elbow 



I" 

Long ‘Turn Elbow 

L-C-al 


Double Branch Elbow 


* For elbow, 45* elbow« 
flee 


X»0iigf4iiina^ are not apeoified for heavy pieaniire 
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Table 102. Standard Flanged Short Body Reducers’^ 

(All dimensions in inches) 


Pipe 

aise 


Standard weight. Working pressure, 1251b.. 
per sq. in. 


Tees and crosses 



Max. 
size of 
outlets 

J 

! K 
! 

18 

12 

13 

151 

20 

14 

14 

17 

22 

15 

14 

IS 

24 

. 16 

15 

19 

26 

18 

16 

20 

28 

18 

16 

21 

30 

20 

18 

23 

32 

20 

18 

24 

34 

22 

19 

25 

36 

24 

20 

26 

38 

24 

20 

28 

40* 

26 

22 

29 

42 

28 

23 

30 

44 

28 

23 

31 

46 

30 

24 

33 

48 

. 32 

20 

34 

50 

32 

26 

35 

52 

34 

27 

36 

54 

36 

29 

37 

56 

36 

29 

39 

58 

38 

31 

40 

60 

40 

33 

41 

62 

40 

33 

42 

64 

42 

34 

44 

66 

44 

35 

45 

68 

44 

35 

46 

70 

46 

37 

47 

72 

48 

40 

48 

74 

48 

40 

49 

76 

60 • 

42 

50 

78 

52 

43 

52 

80 

62 

43 

53 

82 

64 

44 

54 

84 

56 

47 

56 

86 

56 

47 

57 

88 

58 

48 

58 

90 

60 

60 

61 

92 

60 

50 

62 

94 

62 

52 

63 

96 

64 

53 

64 

98 

64 

53 

65 

100 

66 

55 

67 


I^aterals 


Extra heavy. Working pressure , 
250 lb. per sq. in. 


Tees and cro.ssest 


Max. I 
siae of I 
branches! 


M 


N 


9 

10 

10 

12 

12 

14 

15 


25 

27 

281 

3U 

35 

27 

39 


27 i 
29 i 
31 i 
34 i 
38 

40 

42 


14 

151 

161 

17 

19 

19 
201 
201 
22 
23 J 

231 

25 

201 

261 

271 

29 


17 

181 

20 

211 

23 

24 
251 
261 
2.S 
291 

301 

311 

331 

341 

351 

371 


Laterals! 

M 

N 

0 

31 

34 

37 

41 

3 

3 

3 

3 

321 

36 

39 

43 











1 . , . 


1 


1 

1 




1 

1 I 

r~ 1 


i — 1 


i 



T 

J 

1 

f 

■h 

i r 

J 


Short Body 
Reducing Tee 



Sho|;t Body 
Reducing Cross 


Long Turn Elbow 
and Reducer are not 
Specified for Heavy 
Pressure Larger than 
48 In. 


* For minimum metal thickness allowed, sec Table 101. 

t Maximum size outlet and branches, same as for Standard Weights. 

Gaskets.* Canvass-inserted black-rubber or paper gaskets f are ordinarily 
used on low-pressure flanged joints. For higher pressure, not exceeding 160 
lbs. per sq. in. wire-insertion rubber gaskets in. thick should be used. For 
pressures exceeding 160 lbs. per sq. in. use corrugated steel gaskets covering 
the entire ring area inside the bolt holes. To retain the gaskets the flange faces 
have to be machined in some way. For pressures less than 125 lbs. per sq. in. 
the plain straight face is commonly employed. Best results are obtained by 

♦ Mark’s “ Mechanical Engineers’ Handbook,” p, 878 (McGraw-Hill Book Co., Inc., 1924). 

t See paige i07. 
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using a fairly thick gasket on which the bolts will exert sufficient pressure to 
make the joint tight before the outsid^ edges will meet. Plain face corrugated 
flanges having coarse concentric grooves, cut with a round nose tool, are used 
for high pressure joints requiring an exceptionally thick gasket. The corruga- 
tions prevent the gasket from blowing out. 

SPECIAL PIPE 


Expansion joint pipe^o is used where exposed to ex(;essive expansion and 
contraction and for carrying gas or water under high pressure. Molded 
rubber gaskets are slipped over the spigot ends, which are faced and the whole 
drawn into position by the ring clamp as shown. It is the tightest joint with 



Fig. 175.— Expansion joint 
pipe. 




Fig. 177. — Flexible ball 
joint. 


cast-iron pipe, for either gas or water, and will hold the highest pressure the 
pipe will stand, the makers claim. 


Table 103. 


Weight per Ft., Expansion Joint Pipe (12-ft. Lengths) 










Mm 












m 




















m 




Threaded pipe can be furnished of A. W. W. A. thickness up to 16 in. 
diam. Below 6-in. diani. the couplings are standard and correspond to the 
next larger size of wrought-iron pipe fitting, in 6- to 16-in. sizes, threads and 
fittings are special.^o (For fittings, see MaVks' ‘ ‘ Mechanical Engineers' Hand- 
book," p. 883 (McGraw-Hill Book Company, Inc., 1924), or ‘"Machinery's 
Handbook," 1924, p. 1504.) 


Table 104. New York City Cast-iron High-pressure Fire Pipe* 


Diam., in. 

Thickness, in. 

Unit tensile stress 
under 300 lbs. pressure 
per sq. in. 

Factor of safety 

24 

ij 

1920 

10.4 

20 

li 

2000 

10.0 

16 

li 

1920 

10.4 

12 

1 

1800 

11.1 

8 

i 

1371 1 

14.6 


* See also p. 402. 
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Flexible Ball Joints (American Spiral Pipe Works) (Fig. 177). Parts are 
accurately machined, thus making tig]jt joint. Outer bell is reinforced near 
flange. Retaining flange or ring is constructed to allow a deflection of 20®. 
It is made to bolt to flange or outer bell, and supports not only body, but 
entire joint. Flexible joints are discussed on p. 416 also. 

High-pressure Fire Pipe.* Tests made in New York on an ordinary 
poured lead joint in a 12-iii. cast-iron pipe showed that it held up to 750 lb. 
per sq. in., the highest test pressure obtainable. The three-way and four-way 
special castings are generally of cast steel; a largo safety factor being pro- 






Fia. 178. — Joint for 20-in. Fio. 179. — .Joints for 16-in. high-pressure 
high-pressure mains, Man- mains, (bney Island, 

hattau. 

(Conpy Isliind pipes wer«* tested under 22.5 lbs.; normal pressure 12.5 lbs. Size !(> in. and 12 Jn- 
Joint diTneitsiona for pipe, I and 1 in. thick as shown. Extra tliiekm^ss prt>vide8 for salt 

water corro-sion.^*) 


vided.33 Extensive tests on joints used at San Francisco are given in E, N, 
Feb. 18, 1915, p. 290. Philadelphia uses Ilnivensal })ipe. 

Victaulic joint, 34 as developed in England, consists of a hollow steel ring, 
or housing, slipping over the abutting spigot ends. Within this is an india- 
rubber ring, U-shaped, so that water pressure within it forces it into water- 
tight contact with the piiie and the steel housing. A deflection per joint 
is possible. 




K 


■B 





‘ Fig. 180. — Joints for high-pre.s.sure mains, Oakland, Cal. 

(PresHur<', 200 lb. pf?r .square ineh.**)- 

Factory-made joints f consist of hemp and lead inserted at the factory 
around a mandrel slightly larger than the spigot, so that the spigot will easily 
enter the bell. This packing is protected during shipping by a concrete 
mandrel. * The advantages of eliminating lead pouring are obvious, t Calking 
only is needed to produce a tight but resilient joint. Sizes, IJ to 6 in.; the 
4- and 6-in. sizes in 12-ft. lengths; the others in 5-ft. 

* See also p. 403. 

t McWane Cast Iron Pipe Co*, Birmingham, Ala. 

JThe advantage is most pronounced ih wet trenches where steam explosions may lesult Iroin 
' use of m^oltenleafl.. v 






■ ., V :: ; . cast-isqn pips and sittings . 

de Lavaud centrifugal processes requires a plant consisting of a cupola, a 
revolving water-cooled molding machine, an annealing furnace, and a dip- 
ping vat. Inside of mold is same diam. as outside of pipe. NoVbead on 
spigot. Mold is revolved at high velocity by an impulse water wheel. From 
the mold, the casting passes to the annealing furnace. These metallurgical 
processes produce, according to tests, a metal of better quality than other 
processes. Great possibilities for usefulness and economy, in less material, 
less labor, and less foundry space, are offered. It sells (1924) about 5 per 
cent, cheaper per ft. than sand-cast pipc.^s Indications are that rejections 
will be low. Smoother interior means greater capacity. This pipe is covered 
by patents in all countries, the American rights being held by U. S. Cast 
Iron Pipe and Foundry Co., and National Cast Iron Pipe Co. Superintend- 
ent Blomquist of Cedar Rapids after a trial in 1923 reported the pipe as yet 
too brittle for successful use;37 recent improvements in composition and 
processes have yielded better results; in 1926 there are 800 users ©f this pipe 
(Ruggles). 

Sand-spun pipe39 is the product of a new centrifugal process of cast-iron 
pipe manufacture developed through the joixit experimental work of a group 
including R. D. Wood & Co., Philadelphia; American Cast Iron Pipe & Foun- 
dry Co., Birmingham, Ala.; Warren Foundry & Pipe Co., New York; Donald- 
son Iron Co., Emaus, Pa.; Lynchburg Foundry Co., Lyiudiburg, Va.; and the 
Glamorgan Pipe & Foundry (>)., Lynchburg, Va. 

Pipe made l)y the new process in centrifugal sand-lined molds, according 
to the manufacturers, has been thoroughly test(*d in hydraulic presses to 
2400 lb. per sq. in. without showing defects. A i cement-mortar lining 
may be spun. 

French pipe, manufa(;tured by Pont-cVMousson, conforms to standard 
specifications except ,Jri laying Icngtli and phosphorus content. It has been 
used in Detroit, Holyoke, Kingston, Norwalk and Morristown. 

Universal cast-iron pipe* has an iron-to-iron joint consisting of a shallow 
conical hub with an accurately machined bearing surface and a corresponding 
short conical-rnaChined si)igot, the taper of the spigot being I deg. sharper 
than that of the hub (see Fig. 176). Each hub and each spigot has a pair 
of bolt lugs, for ordinary pressures, and two pairs equally ^spaced for high 
pressures; in the former case, the bolts are at the ends of the horizontal 
diameter, as laid, and are useful principally for drawing the pipes together 
when the line is being constructed. Universal pipe was first put on the market 
in 1900; redesigned in 1908 to increase weight and strength of lugs. * A good 
quality of iron is demanded by the machined joint, t Pipes are subjected to 
hydrostatic test before coating. Pipe is given the usual pipe dip, except the 
machined surfaces, which arc slushed. Bolts may be preserved by gal- 
vanizing, sherardizing, dr other coating. In making the joints a paste of 
white lead is used as a lubricant. No packing, gasket, lead, nor calking is 
required, and joints are quickly made. Pipes can readily be put together in 
shallow water, and no ''bell holes'^ or other enlargements of the trench ard; 
needed. This joint is slightly flexible and remains tight under napderale:; 

^ ♦Central Fdundry Co., Nfew York City, 
t For tlie same pressures, pipes are thinner than specined 
oleim poiwible oecause of tne higher quality of metal. 


for A. W, W. A. standards; i 



396 


WATERWORKS HANDBOOK 


distortion or slight withdrawal of the spigot; consequently the pipe line can 
endure settlement and expansion without special devices. Has been used 
successfully for subaqueous lines, for exposed lines on bridges subject to 
vibration, and for high-pressure fire service. Pipe lines can be easily taken 
apart and relaid. The iron-to-iron joint eliminates or at least greatly reduces 
electrolysis. Straight lengths may be laid to a curve of 150-ft. radius, and 
14-in. pipe has been laid on 88-ft. radius. At Holt, Ala., 72 ft. of 12-in. pipe 
were left unsupported by a washout and sagged 46 in. but remained quite 
tight under pumping service until the embankment was rebuilt. In Erie, Pa., 
similarly, a 90-ft. stretch of 12-in. pipe left unsupported by undermining in a 
flood sagged 4 ft., but remained tight. In Philadelphia high-pressure fire 
system all joints were tested to 400 lb. while exj)osed in the trench and required 
to be absolutely tight; 31 mi. were laid 1908 to 1912. Specifications may 
be drawn for pipe lines with no allowance for joint leakage. Even with 
all bolts removed after laying, pipe lines have remained tight under 150 lb. 
pressure. Total cost of a pipe line, including trenching, does not differ greatly 
from that of a corresponding line of the usual bcll-and-spigot cast-iron pipe 
with lead joints. The usual varieties of special castings are obtainable; they 
are class No. 250. Many manufacturers furnish valves and hydrants with the 
Universal-joint connection. Approval of National Board of Fire Under- 
writers was given, Oct. 16, 1916. Trouble from thin spots has been reported 
by superintendents; these result from casting the pipe horizontally. A pipe 
designed for 125-lb. pressure would not take 100 lb.40 Bolts have rusted in 
cinder fill and necessitated substitution of bell-and-sfhgot pi{)e. 


Table 105. Universal Cast-iron Pipe, Dimensions and Weights 

Central Foundry Co., New York City , 
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Lengths lay full 6 ft. All pipe te.st<*fl with hydroKtatic prossuro of 300 lb. per sq. in. Gas 
pipes also tested with compressed air and soap suds. Pipe will be tarred unless ordered. 


Simplex prepared joint 6-ft. pipe, 5 ft. long, has bolted male and female 
joints, in which watertightness and flexibility are secured by lead and jute 
gaskets. Made by American Cast Iron Pipe Co., 2-, 3-, 4-, and 6-in. diam.;' 
for working pressures up to 150 lb. per sq. in. 
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CHAPTER 19 


DISTRIBUTION SYSTEMS* 

General Requirements. Some important requisites of a satisfactorji 
distribution pipe system are well-laid mains of durablef material, of sufficient 
capacity to meet all demands with no more than a reasonable drop in pressure: 
two or more main feeders well located with respect to the system as a whole: 
all mains interconnected and so controlled by valves that in event of break 
or for other reason a small section may be put out of commission quickly, 
with minimum inconvenience to consumers; master meters registering the 
quantities delivered into the several districts; protection against electrolysis: 
ample but not too high pressures; freedom from (jauses of interruption of 
flow; a good map showing the position, size, material, depth of cover, and 
date of laying of each main, together with size, location, and kind of oach valve^ 
hydrant,! air valve, blow-off, and other appurtenance. For sample map, see 
E. C., Sept. 13, 1922, p. 259. 

Requirements of Board of Fire Underwriters. Supply mains shall be so 
laid as not to endanger one another, be protected against failure at railroad 
and stream crossings and at other exposed points, be cross-connected and 
gated about once a mile, and be equipped with air valves at high points and 
blow-offs at low. 

. Arterial System. Arteries and secondary feeders shdil extend throughoul 
the system. Feeders shall be of capacity required for fire flow, spaced about 
3000 ft. and looped. Arterial mains »shall not bo laid across filled ground and 
shall be so gated that not more than J mi. within the distribution system 
shall be affected by a break. All mains shall have sufficient cover to prevent 
freezing, with a minimum of 2 ft. to prevent injury from traffic. 

Pipe sizes of secondary feeders and all cross-connecjtions are fixed by fire 
requirements^ while sizes of supply mains are fixed by ordinary demands 
On,e effective fire stream is equivalent to the maximum domestic requirements 
of 5000 people (see also p. 571). 

Size Limits. Except in small towns, no main used for ‘permanent fire 
service should be less than 6 in.; in many places 8 in. is the established mini- 
' mum. In small towns, on lines where no hydrants are required, 2- to IJ-in 
cement-lined threaded pipe has proved durable (20 yrs\ use) .2 Damage from 
a break increases with size of pipe; usual practice limits street mains to 48 in. 
there are 66-in. pipes in Brooklyn and 72-in. in Jersey City, about the largesi 
sizes possible without updue interference with other subsurface structures, 

♦ For a valuable general discuasion, see “Pipe Distribution Systems/’ by N. S. Hill, Jr., J. A 
TV. TV, A., Vol. 2, 1915, p. 107. American and British practices are Compared in Water At Waim 
£np.. Vol. 25, 1923, p. 448,' , 

t For life and durability of pipe materiafe, see index. 

t For spacing ^e,pp. 40 l and 457. > 
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particularly in an old street. Only, under unusual conditions should there be 
more than one large main in a* street; otherwise a break (a) endangers the 
^other pipe, and (6) is difficult to locate. 

Materials. Cast-iron, steel, cement-lined, wrought-iron, and wooden 
pipe are used (for the last, see p. 367). 

Cast-iron vs. Steel. Cast iron is almost universally used for the smaller 
sizes, although some western cities, where freight rates increase the cost of 
heavy pipe, have successfully used steel. In Pasadena, riveted-steel distri- 
bution mains from 3- to 20-in. diam. are in use. The Board of Water Supply, 
New York, laid cast-iron pipes up to 48 in. in city streets, and 66-in. steel 
pipes. Very large cast-iron pipes are subject to shrinkage and other stresses 
of unknown amount which render them unreliable under heavy pressures. 
They should rarely be us('d above 48 in., where pressures are iiigh, although 
made up to 84 in. (for breaks, see p. 385). Substitution of several small for 
one large pipe meets this difficulty, but at considerable increase in cost. 
For large mains steel should have serious consideration, particularly where 
pressures are high. When a cast-iron pipe fails, commonly a large piece 
blows out so that the whole conduit drains rapidly. Steel pipes generally 
fail by corrosion, causing many small oi)enings; rarely, unless caused by im- 
proper emptying or filling (see p. 312), are breaks large enough to cause 
extensive damage. Electrolysis does greater damage to steel pipes. 

Gridiron System. The function of a distribution system is to deliver 
water in required quantities, and at required pressures, wherever wanted. 
Test of ade(iuacy is a large fire. If water can be delivered to a hydrant from 
two directions instead of one, pressure loss is decreased 75 per cent. Cross- 
connecting mains at some points of intersection and providing feeders J to J 
mi. apart with cross-connections every block create a gridiron system which 
serves the dual purpose of raising hydrant pressures, and, if properly valved, 
of causing least inconvenience for repairs. The maximum hourly demand 
should be used as basis for pii)e design. Where the waste is a minimum, the 
demand will be concentrated in 16 hr. (For methods of computing flows 
in a gridiron system, see “Public Water Bupplies,^^ by Turneaure and Russell, 
3rd ed., p. 729; also Pardoe in E. N. /?., Sept. 25, 1924. p. 517.) Installation 
of additional paralleling feeders increases pressures greatly. Paralleling a 
6-in. line with a 12-in., with cross-connections at 3(X)-ft. intervals, and connec- 
tions to 8-in. lines in parallel streets, raised some hydrant pressures for 10 
streams from 10 to 83 lb. 3 

Advantages of Ample Pipe Sizes and Correct Location, (a) Better fire 
protection. (5) If system meets reciuirements of Fire Underwriters, lower 
fire-insurance rates, (c) Small fluctuations of pressure with varying demands 
of consumers, (d) Long life before replacement, or supplementing of out- 
grown pipes. Against these advantages must be weighed higher first cost 
and interest. See ''Effect of Distribution System Design upon Fire Insur- 
ance Rates,'' by Stocklmeir, J.A.W, W. A., Vol. 11, 1924, p. 572; and ''Stand- 
ard Schedule for Grading Cities and Towns," prepared by National Board 
of Fire Underwriters. 

Pressures in Distribution Mains. With properly i}roportioned dfetribu?^, 
tion systems and comprehensive schemes of fire fighting with 

« . A 
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hydrant pressures of 30 to 40 lb.* are as good as 60 to 80; additional pressure 
will not be of material advantage to engines; an engine can pump an ade- 
quate supply so long as the pressure on the hydrant is sufficient to deliver 
water to the engine. It is more necessary, from fire insurance standpoint, 
to have adequate main capacity than high pressure. Higher pressure allows 
smaller mains, but in such ratio that it is usually more economical to use 
larger mains, unless pii)es are costly and high-gravity pressure easily avail- 
able. Maintaining high pressures in distribution systems for sprinkler service 
is questionable; New York Fire Insurance Exchange has refused to consider 
the city supply as a satisfactory source for sprinkler service, as it is generally 
metered, and fluctuations are liable, beyond control of the building owner; 
two independent sources for sprinkler service are demanded before reducing 
fire rates. In villages and small towns reasonably high pressures in mains 
will make fire engines unnecessary. 

The pressure on the street mains of a city whicffi is necessary to give a 
satisfactory domestic service dej>ends on heights of buildings. With house 
pipes of reasonable size, static pressure of 20 lb. on top floor of six-story build- 
ing gives good flow; this calls for about 50 lb. at curb. It does not pay to 
try to serve skyscrapers directly from street mains, because of leakages 
resulting from heavy pressures, f Very tall buildings are divided iqto a con- 
venient number of tiers of several stories each, and each tier provided with 
pumping apparatus, tanks, etc., by the owner. 

Fire Service Pressures, Common practice in this country in towns having 
pumped supplies is to raise pressure when signal for fire is received. Hender- 
son compiled data from 143 cities in the United States in ./. A, W, W, A.^ 
Vol. 9, 1922, p. 584, wherein increase varies from 4 to 55 lb., averaging 24 
(see also table in Public Works^ Vol. 55, 1924, p. 150). High pressures (over 
100 lb.) increase waste and put heavy strains on the systems, ])articularly 

services and house fixtures. A 12-in. main has been known to burst. In 

• 

the excitement, engines have been accidentally stopped wdiile changing steam 
valves for higher pressures. The advent of the automotive pumper, with 
which most towns are now suiqflied, eliminates need for raising pressure. 
Few cities in the United States, carrying fire and domestic supply in same 
pipes, have hydrant pressure of 100 lb. Average New England pressure is 
about 75 lb. at hydrant. This will not supply hose over 300 ft. long. Fire 
pressures as classified by E, G. H/)pson, former chief engineer of National 
Board of Fire Underwriters, Committee of 20: L(nv-j)ressure^ below 45 lb., 
sufficient for fire-engine or pump supply but inadequate for other service 
except to very limited extent or in very low buildings. Medium-pressure 
(45 to 70 lb.) sufficient for moderate streams for inside work for buildings up 
to three or four stories with moderate lengths of hose ; also for sprinkler supply 
in buildings of small to medium height. High-pressure (70 to 100 lb.), fairly 
effective stream through hose lengths up to 300 ft., giving excellent auxiliary 
service to fire department; fairly adequate for sprinklers in all but buildings 
of excessive height ( 1905) . 

♦ At hydrant under full fk)W conditions. Allow 3 lb. loss through hydrant. 

t Metcalf^®* estimated that consumption at Akron would increase 35 per cent., if 60 lb. pressure 
) were increased to 100 lb. 
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Tests of 347 steam fire engines, 1900-1910, by National Board of Fire 
Underwriters, in 45 cities throughout the country, showed average delivery 
to be 88 per cent, of rated capacity, based on 100 lb. net water pressure. At 
serious fires, long lines of hose, and consequently higher pressures, are required; 
under such conditions, not more than 60 per cent, of rated capacity can be 
relied on for any length of time. 


FIRE PROTECTION* 

Fire Streams. The standard fire stream is considered 250 g.p.m., the 
discharge of a IJ-in. smooth nozzle. Hydrant requirements are generally 
based thereon. In outlying districts of small towns, streams of 150 to 175 
g.p.m. are considered reasonable fire protection. Johnson'^ argues that any 
fire getting such headway that it cannot be conquered by two streams will 
leave little after being extinguished by six streams; the value of the streams 
lies chiefly in saving adjacent properties; for this purpose even small streams 
are of great value. (Prevention of a small fire becoming, under favoring 
conditions, a serious conflagration is very important.) 


Table 106. Required Fire Flow and Hydrant Spacing 


For the Usual Conditions 


Population 

(j.p.m. 

. 

Area per hydrant, 1000 
sq. ft. 

Population 

Ci.p.m. 

Area per 
hydrant, 
1000 sq. ft., 
(Engines) 

(Kngine.s) 

(No engines) 

1,000 

1,000 

120 

100 

28,000 

5,000* 

85 

2,000 

1,500 


90 

40,000 

6,000 

80 

4,000 

2,000 

no 

85 

60,000 

1 7,000 

70 

6,000 

2,500 


78 

80,000 

8,000 

60 

10,000 

3,000 

- 100 

70 

100,000 

9,000 

55 

13,000 

3,500 



125,000 

10,000 

48 

17,000 

4,000 1 

90 

55 • 

150,000 

11,000 

43 

22,000 

4,500 j 



200,000 

12,000 

40 


Over 200,000 population, 12,000 g. p. in., with 2000 to 8000 g. p. m. additional for a second fire. 
The columns headeu “Area” show the number of square fc^et to be served by one hydrant; i.e. if 
the high-value district of a town of 10,000 population contain 800,000 sq. ft., there should be 

« 8 hydrants in the area, if the h ire Dept, has engines; and =» 12 hydrants, if 

lOOfOOO f u,uuu 

there are no engines. 

* Area per hydrant for flow of 5000 g.p.m. and greatci^ without engines, should be 40,000 sq. ft. 


Fire Requirements of the National Board of Fire Underwriters are given 
in Table 106. A municipality unable to meet requirements suffers in ihsur- 
ance rating. Many small communities, below 3000, fail to meet require- 
ments. National Board requires at least 500 g. p. m. in residential districts 
but 30 per cent, developed, with low buildings. 

Hydrant spacing (see also Chap. 20) is specified by National Board of 
Fire Underwriters as shown in Table 106. Where these requirements cannot 
be economically met, as in a small town, a hydrant that will furnish 300 
g.p.m. under suitable head to any building will afford good fire protection.! a 

♦ See also “Fire Prevention and Protection,” by A. C. Hutson (1916) ; Specifications of Inspec- ^ 
tion Dept., Associated Factory Mutual Fire Insurance Companies; and “Requirements 
Towns,” by Goldsmith, J. A. W. W. A., Vol. 12, 1924, p. 168. 
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Table 107 shows importance of having hydrants near buildings to be 
protected. Ip*a small system, eight two-way hydrants per mi., may be 
estimated. 


Table 107. Height and Volume of a Stream Flowing from a Smooth 

Nozzle (E. V. French)* c 


Length of hose, ft. 

Limit of height, ft. 

Discharge, g.p.ni. 

100 

67 

250 

200 

59 

222 

300 

52 

206 

400 

44 

188 

500 

40 

178 

700 

33 

158 


High-pressure fire systems’^ involve heavy pipes (see p. 394) and 
hydrants, with booster xmmps to eliminate fire-department pum|)ers. The 
source of sujjply is generally that used for other purposes. New York dis- 
carded the use of sea water after its effects on ])umping equi|)ment. had 
become noticeable. High-])rcssure fire systems to i)rotect high-value dis- 
tricts have been installed in New York,5 Boston, « Philadelphia, ^ L'incinnati,* 
Cleveland, 7 Toledo,® Baltirnore,^ Oakland,*® and San Francisco,** Buffalo, 
Detroit, Miami, Jacksonville, Atlantic City, Toronto, Winnipeg. Operating 
pressures in several instances arc 250 to 300 lbs. per sq. in. For results of 
operation see E, C,, Jan. 10, 1917, p. 36. For leakage tests on New York 
high-pressure systems, see J. A, W. W. A., Vol. 5, 1918, p. 44. 

Fire -protection costs are commonly 25 to 50 per cent, of the total; for 
small towns they rise to 65 or 75 per cent., while in largo. cities they may be as 


low as 20 per cent.; Metcalf, Kuichling, and Hawley^ recommend allocation 
147 * 

on basis: per cent. = — 12.1, where x = p(;puIation in thousands.-* 

This has an imi)ortarit aspect when apportioning charges of private companies. 
Capital cost is largely and operating cost but little, affected by fire require- 
ments, which generally amount to 1 per cent, of total consumption. *2 See 
discussion of equitable hydrant rentals by Alvord, J. A. W, W. A., Vol, 1, 
1914, pp. 95 and 538. 

Fire-protection Service. Bee' rexiort of Committet^, J. A. IF. W. A., Vol. 
6, 1919, p. 679. 


Dependability of system is an important consideration in fire protection. 
This may involve auxiliary pumping equipment to avoid stoppage caused by 
breakdown, a pumping station f secure against floods and fires, dilal sources 
‘of power where electric drive is employed, more than one pipe line from 
source of supply, and mains laid at non-freezing depths. Interruptions and 
failures of water supplies constitute a fire hazard and are very frequent. 
In 1920, the Inspection Department of Associated Factory Mutual Fire Insur- 
ance Companies compiled a list of all such failures; breaks in large mains, ice 

J ^*^*^*” Underwriiers’ Viewpoint,” by G. W. Bpotb, 
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ill suction line, frozen lines, breaking of reservoir dam, breakdown of pumping 
equipment, fires, and floods are among the causes. 

Industrial Fire Protection. Municipal systems are laid only to property 
lines. Where an industry comprises several buildings scattered over a large 
yard, the company must lay piping which conforms to usual waterworks 
practice for city streets. The Associated Factory Mutual Insurance Com- 
panies, and the National Board of Fire Underwriters have formulated rules for 
yard installations (see their manuals), and an A. W. W. A. Committee reported 
in 1919 on Private Fire Protection Service (see J. A, W. W, A., Vol. 6, 1919, 
pp. 679-782). 

Connections are often made, for added protection, to second source, e.g,^ 
some convenient stream, commonly polluted. Although cx'oss-connection 
always contains a check valve to prevent water from the mill system flowing 
into the municipal mains, lack of tightness in the valve has often allowed 
polluted water to get into the distribution system and has been the cause of 
typhoid outbreaks. Many cities and states now forbid cross-connections (see 
also p. 452). Buriihami22 uses a double-check valve, without complaints. 

Sprinkler systems are subj(ict to elaborate rt;gulations by Natioiral Board 
of Fire Underwriters and Associated Factory Mutual Insurance Companies. 
Sprinkler systems are installed by the Grinnell Co., Automatic Sprinkler 
Corp. of America., New York City, and others. They provide the most 
effective fire protection known; of 28,560 fires in buildings so protected, 84 
per cent, were extinguished with 10 or less sprinkler heads opening. The 
maximum demand per head is estimated at 300 g.p.m. Only about 5 per cent, 
of the fires demanded more than 1000 g.p.m. Although no records are 
available, similar fires in liuildings not protected by sprinklers demanded many 
times this quantity of water. Sprinkler system is dependent upon a reliable 
and adequate supply,, demanding two sources, such that a pressure of 12 lb. 
is maintained on highest line of sprinklers while 500 g.p.m. are flowing from 
nearest hydraiit.44 


LAYING CAST-IRON PIPE* 

Bedding Cast-iron Pipes. Cast-iron pipes must be very carefully bedded 
so as to have uniform support under bottom and must never rest on a boulder, 
point of ledge rock, or similar relatively unyielding object. Pipe’s capacity 
to bear refill load can be materially increased by thorough tamping of refill 
at and below horizontal diam.; but too great dependence on careful refilling 
is liable to lead to trouble in places where excavations will be made close to 
the pipe. Probably more unavoidable breaks have been caused by unwit- 
tingly or qarelessly permitting a cast-iron pipe to rest on a rock Or other hard 
unyielding object than by any other cause. t In rock, the trench bottom, after 
being trimmed, should be covered with a small depth of earth. Fach 12-ft. 
pipe of 16-in. or Jarger diam. is supported on two short planks, or blocks, one 
just back of the bell and the other near the spigot end, well bedded on the 
earth. Each pipe is held in position and brought to bearing on each b^ock 
by two wooden wedges, of 3 X 3 or 4 X 4 X 12 in. long, according to the 

♦ For *te©l pipe, see p. 326 ; for w 9 od pipe, PP- 331 apd 366 , 
t Settlefnerit also has been a prominent cause of breaks. 
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size of pipe. Blocking and wedges are placed under special castings and 
valves also. 

Care in Laying. Pipes should be clean inside when put in trenches; open 
ends should be plugged when work is stopped to prevent stones rolling inside, 
or other objects being put in, and to keep out animals. Backfilling should 
contain no ashes, cinders, or other corrosive materials. Rocks should not be 
rolled into trenches and allowed to drop on pipes. Large rocks should not be 
permitted in the backfill close to the pipe. All plugs at blanked openings 
and all sharp bends in soft ground should either be strapped or secured by 
masses 'of concrete. Sometimes sharp curves are blocked against the side 
of the trench. For soft ground at New Orleans, batter piles were used (see 
E, N. R., May 15, 1924, p. 855). 

Inspection. Pipe laying should be constantly, conscientiously, and 
intelligently inspected, and all pipes, specials, valves, and other fittings should 
be carefully examined for incipient cracks and other defects just before laying. 

Depth of laying depends primarily on climatic conditions, secondarily 
on prevention of molestation, and thirdly on interference wdth other subsurface 
structures. In tropical countries cross-country conduits are often laid on the 
surface. In cities sewer connections and other subsurface obstructions often 
influence. Depth of cover over top varies from 2.5 ft. in the South to between 
5.5 and 7 ft. in Canada, New England,* and other equally cold sections, where 
cover serves as protection from freezing; it should be greater in loose, gravelly 
soil than in compact, clayey soil.f In England 3 ft. is considered minimum 
safe depth. 13 Frost protection on bridges and other exposed location is 
important (see p. 419). In laying pipe through unimproved streets, allow 
for relation of pipe to probable grade, to assure sufficient cover. 

Trench Dimensions. Usual width is 1 ft. greater than internal diam. 
of pipe, with 2 ft. as minimum width. As the dc])tli,of trench is fairly con- 
stant, bids for earthwork are commonly taken on lin. ft. basis. In such cases, 



Fig. 181. — Trench dimensions. Table 108. 


trench dimensions are of less moment. In Syracuse, N. Y., it is proposed 
to receive bids on basis of depth of laying, following practice in sewer work, 
for a cross-country gravity line involving heavier cuts than usual. Table 
108 gives the Boston standards. For large pipes, enlargements of trench 
(commonly called bell holes) are made at each joint to afford room for calking. 

* See report of committee, J. N. E. W. W. A., Vol. 27, 1913, p. 160 and table, J. N. E. W. W. A. 
Vol. 23, 1909, p. 435. 

t Frost peneiilites more deeply under roadways than in uncompacted soil, as in fields and 
parkways/ 
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To obtain calking space beneath pipes in wet trench, a bottomless box has 
been used, the sand removed, and pump suction placed in sump so formed. 


Table 108. Trench Details, Solid Lead Joints, and Spacing of Air Valves for 

Cast-iron Pipe Lines 

Metropolitan (Boston) Waterworks Standards 


Based on New England Water Works Standard Pipe 


Pipe 

diam., 

inches 



Trench dimensions, ft.. 

Fig. 181 


Air 

valves. 
Use 1 
in. up 
to fol- 
lowing 
lengths 
in ft.t 

Solid lead 

Width of 
trench at 
** A line "11 

d 

r* 

hi 

in 

Wood 
blocking 
size, in. 

Extra 

lead 

lb. 

Allow- 

ances 

Earth 

Bock 

Earth 

Rock 

4 

2.0 

3.5 


0 14 

0 55 







6 

2.0 

3 5 


0 15 

0 73 







g 

2.0 

4 0 


0 16 

0 92 







10 

2.0 

4 0 


0 16 

1 10 







12 

2.0 

4.0 

1.4 

0.17 

1.28 

0.65 

0.98 


P 

o 

'*9 

$ 0.40 

14 

2.3 

4.0 

1.6 

0.17 

1.47 

0.75 

1.08 


X 

11 

0.50 

16 

2.5 

4.5 

1.8 

0.19 

1.66 

0.90 

1.23 

2 X 10 X 30 


20 

0.90 

20 

2.7 

4.5 

2.2 

0.21 

2.03 

1.10 

1.43 

2 X 10 X 30 


23 

1.00 

24 

3.0 

5.0 

2.5 

0.22 

2.39 

1.25 

1.58 

2 X 10 X 30 


28 

1.20 

30 

3.5 

* 5.5 

3.2 

0.23 

2.95 

1.60 

1.93 

3 X 10 X 36 

5000 

45 

2.00 

36 

4.0 

6.0 

3.7 

0.25 

3.50 

1.85 

2.18 

3 X 10 X 36 

3500 

54 

2.50 

42 

4.5 

6.5 

4.3 

0.27 

4.04 

2.13 

2.46 

3 X 10 X 42 

2600 

78 

3.50 

48 

5.0 

7.0 

4.8 

0.29 

4.59 

2.40 

2.73 

3 X 10 X 48 

2000 

88 

4.00 

54 

5.5 

7.5 

5.4 

0.30 

5.12 

2.70 

3.03 

3 X 12 X 54 

1600 

115 

5.25 

66 

6.0 

8.0 

5.9 

0.31 

5.67 

2.95 

3.28 

3 X 12 X 60 

1300 

130 

6.00 


• c computed for thinnest pipe, t & computed for thickest pipe, t Use 1 J-in. valve for greater 
length. § Lead at 4i cts. per lb. || “A line" is bottom of trench in earth; lino within which no 
rock shall project, in rock. 

If joint space is unusunlly^arrow, or pipes are deflected extremely, or great rigidity is desired, 
or for other special reasons, yarn is sonietirnes omitted and the joint made solid with lead. In tho 
latter case a little clay luting is used inside the pipe to stop the lead from flowing through, or a 
single small strand of yarn is driven to the bottom df the joint. 


Cost data are best expressed in man-hours, although allowances must be 
made for different rates of work in various localities. Tables for estimating 


Table 109. Unit Costs of Laying Cast-iron Pipe 
(a) Labor at 60 Cents per Hour, (h) Cast-iron Pipe at $60 per Ton 


Cost per Linear ]<"pot 


Size, in. 

I.ead & hemp 
costs 

Total labor 
costs 

Class A 

Class B 

Class C 

Class D 

Wt. per 
ft., tons 

Cost per 
ft. 

Total 

cost 

o o 

Pi 

04^’ 

5 ^ 

aS 

M 

0/ 

Pi 

8 4 a 
O'- 

|8 

^8 

0 

P.-M 

Cost per 
ft. 

Total 

cc»t 

4 

IM 

$0.34 

0.010 

$0.50 

$0.89 

WfM 

$0.55 

$0.94 


$0.59 

$0.98 

0.0126 

$0.63 

$1.02 

6 

0.07 

0.41 


0.77 

1.25 



1.31 

0.0179 

0.90 

1.38 

[immw 


1.44 

8 

0.09 

0.48 

iHivlfr 

1.08 

1.65 

0.0238 

1.19 

1.76 


■KE 

1.87 

0.0279 

1.40 

1.97 

10 

liJiM 

0.55 

0.0286 

1.43 

2.10 

0.0319 


2.27 

0.0354 

1.77 

2.44 


1.92 

2.69 

12 

0.15 

0.62 


1.82 

2.69 

[i»mi 

mmim 

2.82 

0.0459 

KIM 

mm3 

0.0500 

2.50 

3.27 

16 

0.21 

0.93 

0.0f)42 

2.71 

3.85 

0.0625 

3.13 

4.27 

0.0719 

3.60 

4.74 

0.0792 

3.96 

■iSli] 

20 

0.26 

1.28 

0.0750 

3.76 

5.29 

0.0875 

4.38 

6.92 

0.104 

5.20 

6.74 

0.116 

6.76 

7.29 

24 


1.87 

0.102 


7.32 

0.117 

5.86 

8.07 

0.139 


9.17 

0.153 

7.66 

9.87 


Bate of work is from Catalog of U. S. Cast Iron Pipe & Foundry Co. Lead 41# 5 cts. par lb,; 
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^1,*- 

costs in terms of man-hours dependent on a stipulated rate of work are given 
by George Wehrle in Gas Age, Dec. 15, 1917, p. 553. 

Table 109 covers only ordinary costs. Table 109 is based on units of 60; 
calculations to any other rate may be readily made. Example: What will 
be ordinary costs to Contractor for 10 in. class C pipe, with labor at 75 cts., 
cast-iron pipe at $70 per ton, and lead at 6 cts. per lb.? Labor = 0.55 X 
iS = $0.83; cast-iron = 1.77 X U $2.12; lead = 0.12 X f> = $0.15; total 
« $3.10. Costs should be increased for rock and wet excavation, for caring 
for underground structures, for removing and replacing paving, for special 
difficulties, and for other unusual expenses. Allow also for contractors’ 
profits and for costs of engineering, financing, etc. 

Water Mains and Sanitary Sewers. Sewers are generally built at the 
centers of streets; water and gas mains, near the curbs. However, in wide 
boulevards, there may be a dual system of water mains and sewers, one of 
each under each sidewalk.* In some cities where water supply and sewer 
construction are under one department, the two pipes arc in the same trench, 
although public opinion generally favors separate trenches. *23 To save 
expense. New York City excavates the backfill from sewer trenches and lays 
water mains and service pipes with a cover of 4 ft. several months after the 
sewers are laid. The sewer trenches are wide enough to pass manholes with- 
out using specials. In Cleveland, a bench 8 in. wide is cut in the side of sewer 
trench not less than 1.5 ft. above the sewers and 5 ft. horizontally therefrom, 
for house connections only; separate trenches are reejuired for w^ater mains.*® 
Western New York Water Co. found that settlement of sewer had broken 
water pipes in same trench.*® 

Trenching Machines.f Water Department at Erie, Pa., *7 completed with 
machine 2.5 mi. of 6-in. and 1.5 mi. of 12-in. water-main trenches in wooded 
or frozen ground with shale at bottom, between Feb. l,and Oct. 5, 1917, at a 
cost far below recent costs of hand work, even in 1915. Speed on trenches 
5.5 and 6 ft. deep, 2 ft. wide, w^as 3 to 3| ft. per rnin. This saved more 
than half its first cost and compensated for scarcity of lalior. Pawling & 
Harnischfeger wheel type, cost $5650 f.o.b., Erie; buckets adjustable to 
trenches 11.5 to 54 in. wide and 4.5 to 12 ft. deep; driven by four-cylinder, 
fout-cycle, 40-hp. gasoline engine. Ordinarilj’' run by operator and one 
helper. Backfilling, by team and scraper. Machine in 1620 ft. of gravel 
worked at 8.2 cts. per ft., for labor, fuel, and sheeting. Through cutover 
land; full of roots, 682 ft. of trench were dug in 4 hr., at 1.1 ct. per ft., with 
three men and 15 gal. gasoline. Speed record, 660 ft. in 3 hr. at 0.75 ct. per 
ft., $3.02 for gas; $1.88 for wages of operator and helper. With 18 in. of frost 
in ground, 7220 ft. of 2 X 5.5-ft. trench were dug at average speed of 3 ft. 
per min* After season’s use, machine showed little wear. At Garfield,*® 
N. J., through clay, hardpan, bowlders, and occasional layers of red shale, 
machine tore out most of the material without injury to itself. When blasting, 
the machine’s elevating wheel was hoisted to surface, chained logs were put 
over powder holes, and blast fired without damage and without loss of time 
in moving. In loamy or clayey soils, 500 to 700 ft. of trench 6 to 8 ft. deep 
were dug in 9 hr* 

* See N, fi., Aug. ZL P 33®- ^ 

t Bee Eni^neering of Et^yation, by 0, B, M^wey (Wiley, 1924). , 
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; In Minneapolis,!® in 1917, Austin excavator, costing $10,000, dug tr^ch)^ 
up to 72 in, wide. Small work by hand. Day labor. Operating cost for 
66 working days on trench averaging 11 ft. deep, for 64-in. main, was $3665. 
Repairs, $808; coal and oil, $549; labor, $2308; 39,200 cu. yd. averaged 9.3 
cts. Backfilling by small steam shovel cost, for 48-in. main 9520 ft. long, 
$1146, olr 0.48 ct. per cu. yd. Trench section was 75 sq. ft. gross; total back- 
fill, 23,730 cu. yd. Backfilling plus hauling away 6000 cu. yd. excess material 
cost 0.212 ct. per cu. yd. 

For epitome of opinions pro and con, see results of questionnaire in F. N. 
/?., May 3, 1917, p. 258. See also use of machines in distribution system, 
M. Mitchell and B. Siems, J. A, W. W, A., Vol. 9, 1922, pp. 1, 172. 

Railroad Crossings and Cemeteries. Culverts are often used to carry 
mains under tracks where a break would be difficult to repair and might 
cause damage. Steel pipes are sometimes encased in concrete. At Charles- 
ton, W. Va., mains are encased in old wrought-iron or steel pipe of larger 
diam. For method of driving pipe employed at Newark, see F. C., Nov. 
16, 1921, p. 461. Where a pipe is carried on an overhead bridge, provisions 
for expansion and frost protection must be made. A tunnel was driven at a 
depth of 43 to 57 ft. under a cemetery at Detroit, Mich., to avoid open cut .20 
A tunnel, S ft. wide and 20 ft. high was excavated under 13 railroad tracks 
at Glevelancl, and two 48 and one 36-inch pipes, placed in a vertical row. 



Fio. 181 A. — Equipment for lead joints. 


Curves. Changes in alinement are effected by deflecting each length of 
straight pipe so far as the free play in the bell permits for long-radius curves, 
or by use of specials for short-radius curves (see Table 111). On one section 
of a 48-in. line in Brooklyn where there were many subsurface obstructions, 
many joints were opened 1| in., and an exceptional few If in., to secure 
deflection, A 24-in. line on the surface through Medicine Canyon, Oklahoma, 
30,000 ft. long, with many dips, has no specials .21 Deflections are recom- 
mended where space is available on the score of economy in costs (special 
bends cost about 75 per cent.- more than straight pipe) and reduced friction 
head. Where both horizontal and vertical deflections occur, economy results 
from one special. It is not uncommon to find each bend made separately) 
due to difficulty in computing angle of skewed special. 



Table 110. Openings of Cast-iron Bell-and-spigot Pipe Joints in Laying Curved Lines with Straight Pipes 12 Ft. in Length 

Class E., N. E. W. W. A. Standard 

Joint opening (in.) = sine of angle subtended by 12-ft. chord X outside diam. of pipe (in.) 

Deflection of pipe (ft.) = sine of angle subtended by 12-ft. chord X 12 ft. 
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Table 111. Combinations of Pipe Curves* (Special Castings) 


N.E.W.W.A. Standard 

Angles, Tangents, Chords, and Arcs, for Pipes from 24 to 60 in. in Diam. 



* Bends used in table: (angle subtended at center = 6|®); A (22 i®); i (45®). Eadii, 

tangents, chords, and arcs are of the center line. 

f Whole numbers in this column refer to number of curves required, (a) Inclusive m all cases, 
i Unequal for curves of more than one radius. 

The table assumes castings are true to drawings andL accurately laid; actually they are likejy 
to vary slightly. Deflections between those tabulated may be made by “opening the joints.’* , y 
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Table 112. Trigonometric Functions of Pipe Cf^es 

Siphons and Onsets 



z aa — ^ — u — 11 sin 0 I cos 

tan 0 


(Special Castings) for 


For ^-curves & 4^ to 12 ^ 
H-curves 


s 

S sin 0 

8 008 $ 

In. 

Ft. 

4 

0.33 

0.236 

0.236 

8 

0.67 

0.667 

0.0 

10 

0.83 

0.833 

0.0 

12 

1 .00 

1.000 

0.0 


For i? SCO tablesgivitiK dimen- 
sioiis of specif castingB. 


(N. E. on Am. W. W, Assn. 
Tables.) 


Curve 

Anglo 

0 

Pipe 

diam., 

in. 

Had. 

of 

curve, 

R 

ft. 

Natural sine 

Natural cos 

/?(l-roa 

0 

Natural tan 

For 

rad. 

= 1 

For 
rad. of 
curve 

For 

rad. 

«= 1 

VOT 
rnd. of 
curve 

For 

rad. 

= 1 

For 
rad. of 
curve 

i 

90® 

4-12 

1.33 

1.00 

1 . 333 

0 

0 

1 . 333 

CO 

CO 



14 

1 . 50 

1.00 

1..500 

0 

• 0 

1..500 

CO 

00 



16-20 

2.00 

1.00 

2.000 

0 

0 

2.000 

GO 

cx> 



24 

2.50 

1.00 

2.500 

0 

0 

2.500 

CO 

00 

i 

46® 

4-12 

2.00 

0.7071 

1.414 

0.7071 

1.414 

0.586 

1.000 

2.000 



14-16 

3.00 

0.7071 

2.121 

0.7071 

2.121 

0.879 

1.000 

3.000 



20 1 

4.00 

0.7071 

2.828 

0.7071 

2.828 

1.172 

• 1.000 

4.000 



24-30 ' 

5.00 

0.7071 

3.536 

0.7071 

3.. 536 

1.465 

1.000 

5.000 



36-60 

7.50 

0.7071 

5.303 

0.7071 

5.303 












2.197 

1.000 

7.500 

iV 

22®-30' 

4-12 

4.00 

0.3827 

1.531 

0.9239 

3.696 

0.304 

0.4142 

1.667 



14-16 

6.00 

0.3827 

2.296 

0.9239 

5.543 

0.457 

0.4142 

2.485 



20 

8.00 

0.3827 

1 3.062 

0.9239 

7.391 

0.609 

0 4142 

3.314 



24-30 

10.0 

0.3827 

3.827 

0.9239 

9.239 

0.761 

0.4142 

4.142 



36-60 

15.0 

0.3827 

1 5.741 

0.9239 

13.859 

1.142 

0.4142 

6.213 

A 

11® 15' 

24-00 

20.0 

0.19.51 

3.902 

0.9808 

19.616 

0.384 

0.1989 

3.978 


5® 37' 30" 

30-00 

10.0 

0.0980 

3.920 

0. 9952 139 . 808 

0.192 

0.0985 

3.940 


This table i.s useful in field and office for pipe layouts to pass beiieatlli or over sewers, other con- 
duits, streams, etc., or around obstacle’s. 


Laying Out Combined Pipe Bends. C. A. 

Jackson22 develops following formulas: Profile 
plane designates vertical plane through center 
line of either pipe. Figure 182 shows plan and 
profile of two pipe lines A and to be con- 
nected by curve, whose tangent distances are 
represented in plan and profile by dotted lin6s. 

Let A I = angle of inclination from horizontal of pipe A. 

• Bi = angle of inclination from horizontal of pipe B, 

C = horizontal angle between ‘^profile planes.” 

D = angle of special in plane of bend* (90 deg. for one-fourth liend). 

’L = angle between plane of bend and horizontal plane through horizontal 
diameter of pipe at fe. 

M ~ angle between, plane of bend and horizontal plane through horizontal 
diameter of pipe at a. 

Y « chord of special = distance from a to 5, measured in plane of bend. 

X as distance horizontally from a to 6. 




Fig. 182. 
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Z *“ difference in elevation between a and h, 

r* + z*. 

cos D ^ GOB A I cos Bi cos C + sin Ai sin Bi. 
cos L = cos 1 sin C sin D. 


( 1 ) 

( 2 ) 

(3) 


cos M s* cos Bi Bin (7 sin Z> = cos L 


cos Bi 


(4) 


cos^l 

'Angle D determines what special fits the given case; angles L and M are neces- 
sary in drilling bolt holes in flanges (see also p. 331). 


Bends iii Cast-iron Pipe by Heating. Lengths of 10-in. class D pipe for 
Cuba were bent to a minimum radius of 50 ft., without breaking a single pipe, 
by fire beneath cradle of old rails shaped to proper curvature.23 

Testing Pipe Laid. Plugs may be obtained from pipe foundries, the 
latest design having coarse threads cast on surface and on face. A plug is 
calked into last bell in usual way, and can be removed by engaging the lugs 
with a crowbar, and unscrewing the plug. Holding power of the lead in retain- 
ing the plug was investigated at Scattle^^ with results shown in Tables 113 
and 114. 


Table 113. Dimensions of Plugs, in Inches 


NoniineCl size (diam. 8) 

20 

10 

12 

8 

0 

D (spigot diam. of plug) 

211 

18 

IHi 

n 

71 

L (thickness of plug) 

i 

■5 

'4 

1 

i 

M (width of groove in socket) 

lA 

lA 

11 

li 

li 

F (diam. of socket) 

23 

m 

14 

10 

8 

H (depth of groove in socket) 

4 

i 

1 

1 

1 

Depth of lead 

9? 

"4 

21 

21 

21 

21 

Annular lead space 

1 

13 

lU 

i 

3 

s 

i 

A . 


Table 114. Tests of Holding Power of Lead Joints 


Size of 
plug, in. 

Load at 
whicii plug 
starteef, lb. 

Area of 
plug (diam. 
D), sq. in. 

Pre.ssure on 
plug, lb. per 
sq. in. 

Circum. area, 
P, between 
k*ad and plug, 
sq. in. 

Pressure on 
circum. area, 
P, lb. per 
sq. ill. 

Depth of 
lead, in. 

' 

6 

9,850 

45.7 

215.5 

53.9 

182.7 

2i 

8 

13,500 

76.6 

176.2 

69. S 

193.4 

2i 

12 

17,100 

148.5 

115.3 

97.2 

175.9 

2| 

16 

29,750 

254.5 

116.8 

•115.5 

191.3 

2i 

20 

42,000 

375.8 

111.7 

186.2 

225.5 

2i 

24* 

46,250 

564.1 

81.9 

230 

195.9 

2| 

30* 

56,875 

865.7 

85.1 

291.2 

195.3 

2i 


* Loads interpolated. , , ..... 

The speed of the testing machine head was 0.14 in. per nnn. 


When lines are tested, before backfilling, under an excess pressure «f 50 
per cent, over ma,ximuni expected, and leaky joints recalked, leakage may be 
reduced to less than 100 gal. per day per mi. per in. diam. Without this 
prwution leakages as high as 3000 may be expected, and 6000 is not un- 
known.»» ' Burns and McDonnell accept 100 gal. 100-lb. preasvo^* 

(see also p. 427). 
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Filling a Main or System.* Best method of filling a gravity piping 
system is to open all air valves and blow-offs and a sufficient number of 
hydrants. Then the valve at the reservoir is opened sufficiently to fill the 
pipes in a predetermined time. As soon as the water flows full at blow-offs 
successively, they are shut until water appears at hydrants; finally, the air 
valves are closed. No water-hammer is experienced, and system is filled in 
less time than by any other method. 26 

MAKING JOINTS IN BELL-AND -SPIGOT PIPES. 

Molten lead has been used as joint material for generations, but is being 
replaced by Portland cement and compositions like Leadite. Commonly 
jute yarn or oakum is tightly packed with a yarning tool and hammer into 
the inner part of the bell, leaving about 2 in. to be poured full of molten lead. 
This packing prevents lead from flowing into tlie pipe. To hold the molten 
lead at the face of the joint, a roll of moist clay has commonly been used. The 
Star pipe jointer t and similar devices arc preferred by many; they are made 
for each size of pipe, of fabric packing reinforced by flexible metallic bands, 
with a gate, or opening, for pouring, and a clamp. They should be kept moist 
while in use.f Fig. 181A, p. 407 illustrates equipment for making lead joint. 

Calking is done, on small work, l)y hand, and on large work by air hammers, 
with a portable compressor driven by a gas engine. Shrinkage of poured lead 
away from the iron allows leakage ; calking reestablishes contact. Calking is 
effective but J in. from the face. See tests of joint, E, (?., Dec. 13, 1916, p. 528. 

Table 116. Weight of Cast Lead and Yarn per Joint in Cast-iron Pipe27 


Dlam. of pipe, 
in. 

Depth of lead 

2 in. 

' 11 

in. 

1 in. 

Lead, lb. 

Yarn, lb. 

Lead, lb. 

Yarn, lb. * 

Lead, lb. 

Yarn, lb. 

4 

6.32 

0.251 

• 5.01 


3.16 


6 

8.68 

0.321 

6.88 


4.34 


.8 


0.471 

8 . 7 .') 


5.51 

0.848 


13.53 

0.578 

10.73 

0.742 

6.76 


12 

15.88 

0,.582 

12 . GO 

0.775 

7.94 


14 

18 . 67 

0.684 

14.81 


9.33 

1.23 

16 


0.642 

16.68 


10.51 

1.36 

18 

23.68 

0.867 

18.78 

1.157 

11.84 

1.56 


26.33 

0.966 

20.88 

1,288 

13.16 

1.74 

24 

31.04 

1.137 

24.61 

1.516 

15.52 


30 

38.17 

1.631 

30.37 

2.175 


2.94 

36 

45.28 

1.94 

36,96 

2.58 

22.64 

3.49 

42 

68,32 

2.92 

54.24 

3.89 

34.16 

6.26 

48 

77.6 

3.32 

62.20 

4.41 

38.8 

■ 6.97 


Width of joint * 0.4 in. for 3- to 14-in. pipe, 0.5 in. above 14 in. 


Pipe cutting is required (a) previous to laying to fit a given space, remove 
a defective end, etc., or (5) in the trench to remove a broken pipe, to make a 
connection, or to alter otherwise an existing main. Cutting, in trench is 

* See also precautio.n^Jfcommended by Finneran in J. N, E. W. W. A., Vol. 34, 1920, p. 281 . 
t Waterworks Co., New York City. 
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done by pipe ctitters,*of which the French pipe cutter* is typical. Makers 
claim that pipe can be cut away without breaking or starting next joint. 
Cutting is also done by oxy acetylene outfits (see p. 346) . 

Lead Removal. In taking up lines, lead may be removed by melting by 
fire built beneath the pipe in an enlarged excavation; recent practice favors 
the oxyacetylene torch. In Brooklyn, a pick-out tool driven by compressed 
air proved more effective than the torch .28 Machines are on the market, such 
as the French lead joint remover. f Methods depend on size of pipe; for 
sizes above 24 in., fires and other simple methods are not successful. 

Leadite,! a composition of iron, sulphur, slag, and salt, finely ground and 
thoroughly mixed, is furnished in 300- to 350-lb. barrels and 50- to 100-lb. 
bags. It melts at about 400°F., and is poured like lead. Used extensively 
by Boston, St. Louis, Trenton, Utica, Springfield, and Worcester. Tried in 
Philadelphia in 1804 and joints reported in 1921 to have required no attention; 
tried again in 1019 and proved satisfactory; use restricted to places where 
results may be watched, on account of its inflexibility. Used almost exclu- 
sively in Atlantic City since 1903. Pennsylvania Water Co. has used it 
since 1906 in 4- to 36-in. pipes, up to pressures of 210 lb. In some trenches 
but 4 ft. deep under heavy motor traffic it has proved satisfactory. P^or high 
pressures, Hawley ,2® advises slightly more leadite than specified in Table 
116; West^o reports leadite as running 25 to 70 per cent, beyond this schedule, 
particularly in 10-, 12-^ and 16-in. sizes. The same held true for his work in 
1923 and 1924. 

Advantages, Calking eliminated; properly made joints will stand 250-lb. 
pressure per sq. in.; calking bell holes eliminated; pumping reduced to a 
minimum as leadite sets in water; melts at lower temperature, saving fuel. 
Melted lead weighs 708 lb. per cu. ft.; melted leadite, 118 lb. Lightness 
reduces freight and handling charges. Easily poured in restricted space, as 
in filter gallery; 6-in. space only was available at Charleston, S. C.3i One 
ton of leadite . will fill more joints than five tons of lead. Pennsylvania 
Water Co. reported 60 per cent, saving.^i Bids at Windsor, Conn., in 1917 
for a 10-in. line ran 10 cts. per ft. cheaper for leadite than for lead joints. 32 
Temperature changes do not start a joint, as with lead. Hawley29 says that 
it does not squeeze out under repeated jars. A 12-in. main involved in a 
landslide suffered but slightly: Used successfully on trolley bridges subject 
to vibration, as at Boston across Nej^onset ^liver.33 A leadite joint can be 
made in much less time. At New Bedford^o^ three men made a leadite joint 
in 48-in. pipe in 10 min. ; lead joint would have reciuired over 1(K) min. Melting 
out of joints* is easy. Low conductivity mitigates electrolysis effect, but 
conductivity increases with age. To furnish necessary conductivity for pipe 
thawing, lead wedges 2 by 2 in. are inserted in each joint, at Springfield, Mass.33 
Tests at St. Louis34 indicated that cement and leadite joints will stand greater 
deflections without leakage than lead. 

Disadvantages, Sulphur fumes from molten leadite become oppressive 
in a confined space. Initial leakage is high, but joints tighten in a day or so 


* A P Smith Mfg. Co., East Orange, N. J. Other makers include l^^!^|£work8 Equipment Co., 
New York, Hays Mfa. Co., Erie, Pa., Borden Co., Warren, Ohio. * 
t A. P. Smith Mft. Co. 
t The Leadite Co., Philadelphia. 
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unless non-rusting water is conveyed. Backfilling is ddayed ttntil line tight-^ 
ens to specified leakage. Metcalf and Eddy3«« found leadite an uncertaiii 
material in inexperienced hands; others have found men easily trained to the 
new material. Joints are less yielding than lead ; pipe breakages have occurred 
in settlements; lead in every second or third joint gives greater flexibility; 
making lead joints above ground and leadite in trench eliminates bell holes. 
At Springfield, Mass., a leadite joint leaked due to calking of a near-by lead 
joint, but tightened in 24 hr. 36 b if leadite does not tighten, pressure must 
be taken off while leadite is cut out and new joint poured; lead joint would 
be calked under pressure. Clean spigots and hemp free from oil are essential. 


Table 116. Quantities of Lead and Leadite for Pipe Joints37 


Size of pipe, 
in. 

Lead, Ih. 

Leadite, lb. 

Size of pipe, 
in. 

Lead, lb. 

Leadite, lb. 

4 

8 

2.00 

18 

35 

8.75 

6 

11 

2.75 

20 

40 

10.00 

8 

14 

3.50 

24 

48 

12.00 


17 

4.25 

30 

60 

15.00 


20 

5.00 

36 

75 

18.75 


24 

6.00 

48 

120 

30.00 


32 

8 00 



r 


Joints assumed, 21 in. deep:; although in. is sufficient for small pix>es. 


Table 117. Comparative Costs of Lead and Leadite Joints in Cast-iron Pipeso 


Size, 

in. 

Average 
joints made 
per day 

Cost per <lay , crew and 
material 

Cost per joint 

Saving per 
joint 

Lead 

Leadite 

Lead 

Leadite 

6 

50 

$56.08 

$25.85 

$1,121. 

« 

$0,517 

$0,604 

8 

50 

66.58 

2<>. 10 

1 .331 

0.582 

0.749 

10 

45 

70.60 

43.55 

1.57 

0 . 968 

0.602 

12 

43.8 

74.45 

46.64 

1 .70 

1.064 

0.636 

16 

32.3 

100.63 

49.51 

3.116 

1.532 

1.584 


Metalium* is a composition of dark, grayish luster, furnished in pellet 
form in 100-lb. bags, poured like lead, melting at 250 to 300°F. Light weight 
(one-fifth of lead) and high specific heat lessen costs. Has been used in Omaha 
since 1914.3® At Davenport three or four pipes are jointed^ on sticks laid 
across trench, and lowered by derrick. No calking. Bell holes may be small. 
Material costs about 40 per cent, of lead; is less salable, and therefore there 
will be less thefts. It sets rapidly in place with considerable loss of volume, f 
Tests by Bass and Jensen indicated that metalium joints are not as tight under 
deflection as cement or lead.38 If too high a temperature is used, it thickens 
so as not to pour readily .3® This requires constant attendance, with high 
labor cost.3® . Special jute costs twice the jute required for lead. Tests at 
St. Louis indicated that metalium cost more in the joint than lead.®® Initial 
leakage is high. 

fCi^aha, Neb. (Out of business in 1026.) 
t'whv is not c^kins reauired? (Editors.) 
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lioad-hydro^tlte’*' is claimed by makers to cost 5Q per cent, of first cost 
of lead; to allow smaller bell holes and to eliminate calking. Weighs one- 
fourth of leads, and has more elasticity. To estimate quantities, for 2J-in. 
joint space: radius of inside of pipe in in. = lb. of lead-hydro-tite per joint. 
Minor difficulties attend the first use with inexperienced men and incomplete 
equipment. Used at Cambridge, Mass., Weymouth, Mass.,40 Berlin, N. H., 
and New Bedford. Leakage from 8-in. line under 70-lb. pressure after 1 year 
amounted to 0.25 g. p. d. per lin. ft. of joint. 

Cement (Portland) either neat or as mortar, has been used many years 
for gas and water-pipe joints. Los Angeles was the pioneer. Used exclu- 
sively by the East Bay Water Co., California. Portland, Ore.,4i. uses cement 
on all pipes, 6- to 30-in., unless demand for service will not allow setting time. 
Yarn of hemp rope should be used. Pipe must be braced against jar and 
workmen kept off after joint is made. Common procedure is to calk in one 
braid of hemp yarn, fill joint within ^ in. with cement filler, then place another 
braid of yarn, and calk until the cement filler is firmly packed. Joint is then 
* wiped with cement paste, finished on a 45® bevel. Spring Valley Water 
' Co.-*® uses two rings of jute or yarn, free from oil and tar, to start the joint, 
and cement mixture is so dry that it will crumble in the hand; 1 lb. water 
to 14 lb. cement. At Long Beach, ^2 hammer is not applied for calking until 
cement has been placjed in half the space; joint stood 48 hr. before pressure 
was put on. One calker made 24 12-in. joints per 8-hr. day. Wastage of 20 
per cent, of cement was found at Long Beach. U. S. Housing Corp. used mix 
of 2 parts cement to 1 part clean, sharp sand. ^3® Neat cement has tendency to 
crack; this shrinkage can be largely eliminated by mixing 2 or 3 hr. before use. f 
Some gas companies use 3 parts cement and 1 part sand. Detroit City Gas 
Co. finishes the joint with lead wool.43 

At Winchester, Ky.,3o 1 lb. of water to 13.5 lb. cement (7.4 per cent.) 
mixed in iron pail with trowel. Cement per 12-in. joint, 8.3 lb.; per 10-in., 
6.9 lb., waste included. Joint maker *wore rubber gloves, stuffed cement 
paste into joint by hand, and rammed in with calking iron ; hammer was not 
used for first filling; but third to fifth batches were calked with 3^-lb. hammer 
until little impression was made at face. Average time, joint 2| in. deep, 
was 25 min. for five men. When tested up to 160 lb. per sq. in., leakage 
averaged 0.50 g. p.d. per ft. of joint. Joints were covered with 6 in. of earth 


until cured. 

Cement vs, Lead,^^ Cement has greater compressive strength and adhe- 
sion than lead. Its expansion coefficient is nearer that of iron. No tempera- 
ture changes are imposed on the joint during construction. Cement expands 
while lead contracts, giving a fuller joint. Cement joints are more difficult 
to remove than lead. Cement is at a disadvantage in wet trenches and cold 
weather. Cement joints must stand longer than lead before pressure is put 
on. Cement and leadite joints will stand more deflection than lead. J The 
great disadvantage to cement is its rigidity under settlements and vibr^ 
tions ; where these conditions occur, Los Angeles substitutes lead joints. There 


♦Hydraulic Development Co., Boston.* ^ «• 

t See also report to American Gas Institute by Cast .Iron Pipe/ 

* I See JssU at Si. Louis, E. N. B., Aug. 2, 1923^p. 190. 


m., Ajg. 
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will be some initial antagonism of labor. A cement joint costs one forty- 
eighth of lead for material, but labor costs are equal or greater on account 
of keeping joint moist during setting. 

Lead wool must be calked pneumatically, as hand work is too expensive. 
No melting required. A lead-wool joint takes two to three times as long as 
poured lead. It has greater strength. Many gas lines have lead-wool 
joints (see Simpson, Proc. Am. Gas. Inst., 1910, p. 651; also E. N. R., Aug. 23, 
1923, p. 310). Calkers often refuse to work with it. Prices were kept up 
by patents which have expired. In Springfield 42-in. line proved tight under 
150 lb. per sq. in. pressure. Has advantages in certain difficult locations. 

STREAM CROSSINGS 

Submerged Pipe Lines.* Pipe Material. Submerged pipe lines have 
been laid in all parts of the world, by ordinary methods, of all ordinary pipe 
materials except wood staves. Universal pipef was used, at Puerto Barrios, 
Guatemala, 45 for a 6-in. line, 15,000 ft. long across a bay with maximum 
depth of 24 ft. Cradle used, reaching bottom at slope of 14 deg. Cost of 
laying, 22 ct. per ft. The longest line (1926) is the intake of waterworks at 
Burlington, Vt., 15,480 ft, long, laid on the bottom of Ijake Champlain. 
Maximum depth, 120 ft., o<‘curs at New Orleans in Mississippi River. Pipe 
is usually ordinary cast iron, with the coating common to street mains. 
Special hard cast-iron, riveted steel, riveted wrought iron and ordinary 
wrought iron have been used, usuallj'’ coated in the ordinary manner, but in 
special cases protected by concrete shells, bedded in concrete, or lined with 
brick. A cast-iron pipe in Boston, in service 50 years, was found badly tuber- 
culated inside; in fair condition outside wffiere covered but where uncovered 
the iron was soft; in places it could be cut to some depth by a knife (graphitic 
corrosion). One cast-iron pipe carried salt water 20 years without sign of 
failure. 

Joints. All ordinary ty])es of rigid joints have been used, the common 
bell-and-spigot type, run with lead, most frequently. Every fifth or sixth 
joint usually is modified by turning the spigot to a slight taper. The tapered 
joint is made up with lead on shore, a clamp or strap retaining the lead; the 
spigot is withdrawn and reentered under water, where a diver calks the lead. 
Screwed joint of wrought-iron pipe is least satisfactory of rigid joints, due to 
shearing of threads. Flexible j dints are used to fit irregularities of the trench 
and avoid straining. Majority are ball-and-socket joints with bearing sur- 
faces of lead on iron. All-iron ball-and-socket joints have been used with 
ordinary gaskets. These joints allow deflections of 6 to 17 deg., usually 10 
deg. Flexible jointed cast-iron pij^es are usually^ made in 12-ft. lengths. 
Possibly there is economy in longer pipes due to weight of bell, but, with small 
demand for such pipes, is apt to be more than offset by the greater cost of 
extra-long pipes. Shorter lengths are better in some cases to make a more* 
flexible line, or to make lighter pieces to handle. Usually, flexible joints are 
introduced only at intervals of three to six lengths, other joints being rigid, 

* See ffUo Joints for Submerged Water Pipe Lines of Cast Iron and Steel/* 

E. ^ 1914, ip, 432; also inset, p. 418. 
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for maximum economy. Steel pipe of large diam. is laid in long lengths, with 
flexible joints at intervals bf 100 to 116 ft. Here connection is not made at a 
flexible joint,. but near it, by a flanged or liub-and-spigot joint. Length of 
section is usually determined by method of laying. 

Foundation, It is usually desirable to cover the pipe after laying; this 
prevents displacement by currents, flotation, damage from navigation, and 
increases the durability. Trenches are dredged or washed out. Sometimes 
it is necessary to put in foundations to prevent settlement where a bottom 
is soft. Series of pile bents with caps on which the pipe rests and is strapped, 
wooden blocks laid on bottom of trench, excavating to greater depth and 
refilling with sand or gravel, strapping timber platforms to pipe in case of 
steel pii^e, and concrete foundations have all been used. The trenches are 
allowed to silt full, unless danger from anchors calls for prompt refilling. If 
jeopardized by currents or flotation, refilling is done with care, with various 
means of anchorage. Pipes have been sunk in mud or sand, after laying, by a 
water jet or by scouring of the current under the pipe, held just clear of the 
bottom. 

Laying, {a) One method of laying pipe is from a construction trestle, 
built over the trench. The pipe is lowered simultaneously at all points of 
support, if it has rigid joints. Otherwise, as a joint is completed, it is lowered 
from the trestle, the other end remaining suspended. This method is not 
suitable in rough or deep water, or where navigation must not be obstructed. 
Used for 30-in. i)ipe at Des Moines.46 (/>) Pipe is sometimes laid on ice and 
lowered by tac^kle through an opening in the ice. (c) With suitable joints, 
a pipe can l)e lowered and connected under water by divers. The pipe is 
made u]) on shore in sections, which are floated out over the trench. Flota- 
tion is accomplished with casks, through the buoyancy of the pipe when bulk- 
headed, or it is lowered from a scow. After being connected by the diver, the 
joint is pulled home l)y special hydraulic jacks or other means and calked if 
necessary. (</) With flexible jointed pipe* in deepwater, it is customary to 
lay and sink the pij)e continuousl,y, joints being connected on a scow, and 
launched from the stern through a chute. The end is fastened securely to 
the scow. After pouring, each joint is deflected sufficiently to break the 
adhesion between the lead and iron before launching. Care must be taken 
that the suspended line is not deflected so as to wedge the bell end against 
the body of the pipe; this can be guarded ^gainst by setting the launching 
ways so that the ])ipe will '‘rise from it,” unless the safe angle of deflection 
has been exceeded. In the suspended line, the greatest deflection is at the 
bottom. This method insures considerable tension in all joints, drawing 
them tight, but it is difficult in rough weather. Rods running the length 
of a section are often used to give rigid joints sufficient tensile strength, 
(e) The pipe is also laid in a slide or cradle extending from the scow to the 
bottom of the trench, built on a curve corresponding closely to shape 
assumed by pipe Kne hanging freely and each joint fully deflected. The pipe 
slides on rails. A plate at the bottom of the slide prevents sinking of slide 
in trench. Slide may be suspended between scows, o^r trou gh a well hole 
in or from one end of a large barge; it is adjustable, 

* Ordinary joints were used at Galveston, Tex.*^ 
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suspended pipe will be tangent to trench bottom. Stern anchoi*'s‘ Ure ^eees% 
sary, due to the forward thrust caused by the weight of the pipe. (/) The 
whole pipe line may be built on shore and hauled into position, buoyancy of 
pipe or auxiliary floats being used. When dragged along the bottom, in 
swift water, a conical pilot is fixed on the first section. Hauling is done by a 
cable attached to the first section, or run through the ])i])e and attached to the 
last length, and to a winch on the farther shore. In still water the pipe can 
be floated to position and sunk, or pushed from shore. Pii>es of all types 
of joints can be laid this way, except in heavy currents (see Ta])le 11 S for 
data on these methods). At Waco, Tex. ,48 l()-in. gas mains \vere wielded into 
100-ft. lengths and i)ulled out on falsew'ork (ooO-ft. crossing) and wielded to 
neighbors. Whok? low ered by block and tackle. 

Testing. Submariiie mains are tested after conijilction by filling wdth 
w^ater under pressure and measuring the leakag(‘ l)y im^tca-s. Sections may be 
tested as completed. AVith flexible joints, this nu'tliod tightens the line. 
Tests wdth com})ressed air are also made; tlie escaping bubbles aid in locat- 
ing the leaks, if any. Leaks are discovered l)y divers and calked. Tests 
show that submerged lines can be made as tight as ])ractical ])ui‘])oses require. 
On Bayonne, N. J., line (24-in. diam.) leakage limit w'as ])la(*(*d at 1 (ai. ft. 
per min., and it tested far below this. The Iti-in. line at Portland, Ore. ,48 
1007 ft. long, w'as spcicified to have a leakage limit not above 10.8 gal. ])er joint 
per 24 hr. It was actually at*cepted w'hen leaking 00 ])er cent, in excess of 
this; several months later, tests indicated negligil)I(^ leakage. 14ie first 
NalTow^s siphon, New York Oity, tested immediately after completion, 
under pressure of 130 lb. per in,, leaked 5.5 g.p.m.; a 40-day test, 
some months later, under ])ressures of 100 and 110 ll)s., showed leakage of 
but 0.75 g.p.m. 

Pipes in Salt Marshes. Cast-iron ])ip(‘S (12-in.) across salt meadows, 
Atlantic City, have been down 19 years. A(tion of nu^adow mud is very 
sevens; after 18 montlis in it, wrought iron looks as if it had Ixam in acid bath. 
Deterioration in 19 years from half to full thick ik'ss. This w as due to presence 
of sphagnum or bog moss, w'hi(*li has acid-j)roducing powau-s; sometimes classed 
as peat. 51 During severe w inter, 1904 -1905, tliis main froze for first time and 
22 lengths broke, prol)ably due to weakness from corrosion. 52a The 3()-in. 
cast-iron pipe laid in 18()3 just al)ovo surface of salt marshes along Passaic 
River, and supported on piers with no eartli covering, still showed makers' 
mark and date in 1914, 'AV. F. k M. C., 181)2" (Warren Foundry k Machine 
Co.). 52b Wood pipe is best to carry w’ater througli salt marshes or saltwater. 
Salt has no decaying effect upon wmod, and if tlie pipe is Avound with copper 
wire it will last much longer in salt water than cast iron or steel. A 48-in. 
wood-stave main was laid (1911) across 7 nii. of salt marsh at Atlantic City, 
N. J., to replace a steel main laid in 1901, badly pitted, and the cast-iron main, 
laid in 1882, also pitted in spots. The wood main has staves 2 in. thick, 
banded with wrought iron, | in. thick, for a pressure of 75 lb. Long Beach 
and Elmhurst, L. I., also have wood pipes through salt marshes; the latter is 
20 in. in diam., 2000 ft. long, operated under pumping pressure.53 See also 
pp. 358 and SUton^ ‘ 
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^ WooSeii pile l)ents have been used to keep pipe above surface. The ; 
muck has timber-preservative properties. At Wilmington, N. C. 54 pipe was 
plmced so that 8- by 8-in. creosoted cap was 1 ft. back of each bell. 

, Concrete can be used successfully to prevent the corrosion of metallic 
pipes; 1:2:5 mix, using sand and gravel, densely packed, 4 to 5 in. thick. 
Joints in the concrete envelope to provide for expansion and contraction 
‘should, in latitude of Middle Atlantic States, be about 30 ft. apart. A 
thin copper sheet, al)out 4 in. wide, should be inserted in the concrete at the 
joints, to prevent leaks. Concrete of ordinary Portland cement concrete 
has generally been injurcid by sea water and even sea moisture in course of. 
10 years. (See Jteport National Jlescarch Council, Marine Piling Committee, 
and Atwood k Johnson, 1\ A. S. C. E,, Vol. 87, 1924, p. 204.) 

Water-main on bridge.* The successful designss shown in Fig. 183 
overcomes effects of bridge expansion on pij)e laid directly on bridge, avoids 



expansion joints, and protects against freezing and vibrations. Vertical or 45” 
riser should be used where pi|)e rises above ground. Anchor by bolting 
through lugs on bell, or using concnd-e. Vibrations on bridge loosen lead 
joints; leadite has given satisfaction. f Provisions against freezmg are essen- 
tial. J Two boxes with an air space bet\veen should enclose small pipes on 
^bridges; one box filled with tan bark is not sufficient protection in New 
England. Id Occasionally, specaal bridges are built, as at Great Lakes, 111 . ,121 
or the bridge of 36 spans (107 ft. each) across the lower end of Sah Francisco 
Bay for the Hetch-HeAchy conduit. Standard wrought-iron pipe and fittings 
(4 and 6 in.) were used for 6 years on Pecos Viaduct without any trouble from 

vibrations.125 ‘ , 

MAINTENANCE AND OPERATION 

Wet Connections. Connections to cast-iron mains under pressure are 
hiade by special tools without interrupting service. A two-part sleeve is 

* See also “ Pipe Lines on Bridges,” Brock way, Public Works, Vol4ISitep4aaii^D. 239. i 

tSeep.413. 

jloe fomed on leaky pipe caused failure of a bridge at Uti<^ 
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bolted to the main at a point between joints where the connection is desired ■ 
and joints of sleeve calked with lead or made tight by gaskets. One part of 
the sleeve has a flanged outlet; to this a permanent flanged valve is bolted. To 
the other flange of this valve is bolted temporarily a cast-iron dome containing 
special cutters for cutting from the main a disk of the diain. of the proposed 
connection and a combination drill and tap, carried by an axial spindle which 
projects through the stuffing box in the dome. For connections up to 24 in., 
hand operation with ratchet levers is used; for larger sizes the machine is 
driven by a small engine or motor. Valve being open^ first drill a hole through 
the center of the connection and then engage with tln^ tap so as to hold the 
disk when cut. After the disk has been cut and withdrawn through the valve, 
valve is closed, dome removed, aJid ])ermanent pipe bolted to valve. Great 
care is necessary to start the drill straight, otherwise it may l)e broken; must 
not feed too fast or the drill may be broken or pipe cracked, and it may be 
impossible to remove the disk after cutting. >Stuffing-l)ox gland in dome 
should be loose to permit escape of air until water fills dome. For larger 
connections, after preparations are complete, about 1 day is nc'eded; smaller 
connections may be made in half day. Connections from 4 to 3(i in. have 
been made by the A. P. Smith Mfg. Co., Newark, N. J. Waterworks Equip- 
ment Co., New York, build an engine-driven j:)ipe-tapping machine for making 
connections up to 48-in. diam. in the dry. Tapping ma(4iines for services 
are made by Hays Mfg. Co., Ih’ie, and Mueller Mfg. Co., New York. 

Pipe-line Raising. Due to regrading at Seattle, it became necessary 
to raise a 2()-in. cast-iron main under 13()-lb. pressure 17 ft. abo\'e its old loca- 
tion, without inteiTuption of flow, (kmter of ISOO-ft. length was raised this 
amount, the ends remaining in old positions. Jacks and cribbiiig were 
emph\yed. A 60-ft. section would be jacked up 1 in., imm working to signal to 
give even raising. Then the adjacent GO-ft. section would be raised same 
amount, cribbing placed beneath, etc. Practically no leakage occurred at 
joints, although some had to be n^calked occasionally.''^ 

Air and Sediment. The capacity of a pipe line may be seriously diminished 
by the accumulations of air at summits, and of sediment in dej)ressions (see 
/. N. E, W, W. A., Vol. 34, 1920, p. 280). Air relief valves should be placed at 
summits and blow-off valves at depressions. See also Air Vah’es, p. 446. 

Welding and electric torch have been employed in repairing breaks (see 
p. 347), A broken section of the Narrows siphon, New York, was burned 
out by electric torch under 50 ft. of water. ^ 28 

Sleeves split for ready insertion in an emergency, c.r/., a cracked pipe, are 
made by Water Works Equiimient Co., A. P. Smith Mfg. Co., and others. 
Sleeves are also made to fit over cracked bells; their use is claimed to save 
much time in repairs, and involves less trouble and expense than insertion of 
new pipes. 

Freezing. Pipes freeze more easily in dry ground ; in wet ground the latent 
heat of the moisture retards frost. lYeezing deiiends also on exposure and 
on velocity of flow, the pressure being of negligible effect. Subaqueous 
pipes in salt water have frozen, and pipes have frozen during a thaw (the rea- 
sons are outline(|^|i®rfii^ in /. A. W, W. A., Vol. 3, 1916, p. 966). Tests at 
^^rtlan^l^l^^j water reaches 28°F. in winter, indicate that 



DISTRIBUTION SYSTEMS 

Ipipes larger than 6 in., in salt water, will cause little trouble if buried 6 in. 
in blue clay. 49 Pipes in rock trenches, refilled with rock, are less likely *to 
freeze than in moist, compact soil. An air space of ‘^dead air” around pipes 
reduces freezing tendency. Dead ends should be avoided and circulation 
made as free as possible. 

In freezing, water expands about one-twelfth of bulk, and exerts an 
expansive force of about 8(),()(X1 lb. per sq. in. when rigidly confined, and about 
10,000 lb. in pipes. Many weak pipes burst under these conditions. A 
6-in. cast-iron pipe laid in 1802, at Springfield Mass., by regrading of a street 
was left with but 27-in . cover .57 Small flow in recent years accelerated freezing. 
Freezing in 1012 broke a ])if)e length; ice was found solid throughout length, 
except for a cylinder 1 in. in diain. about 1 in. above invert; probably this 
was last part to fr(‘eze. All iron rust and tubercles amassed during 20 years 
service were concentrated around this 1-in. opening; no rust was left on 
the periphery. The winter of 1017-101858 caused the greatest trouble from 
frozen pipes. The A. W. W. A. had a committee report on this cold period 
(see Vol. 7, 1020, p. 740). Temperature at Savannah, Ga., dropped to 
14°I‘\, and E. 11. Conantss estimated number of broken pipes at 10,000. 

Thawing has been accomplished by fires, steam, and electiicity.* The 
first two methods involve uncovering the pipe; although costly and. slow, 
they have the merit of disclosing breaks. It is impossible to use electric 
thawing wliere there are a large numl)er of composition joints, unless lead 
wedges are placted in the joints.®®^ (see p. 41.3). Insulating for electrolysis 
also interferes with electric tluiAving. Current is used from lighting wires, 
portable motor-generator sets, or storage batteries. In first system, high-ten- 
sion overhead i)riinary wires, carrying 2200 to 24(K) volts, were taj)ped, and fuse 
l)Oxes and transformers of 15 to 75 kw. were put on distribution line; voltage 
rediK^ed to 1 10 and Amount of current delivered upon pipe was further con- 
trolled by a water rheostat.52 The Committee of N. Ik W. W. A. prefers 
the motor-generator, t set as it is flexil)le and portable, can work continuously, 
can be made nearly foolproof, does not deteriorate when idle, and is least 
liable to endanger the pi])es. Middletown, Conn.,®^ equipment mounted on 
l-ton truck: 25-kw. transformer for stepping down 2800- volt a.c. current to 
50 volts, an instrunumt board, and a water rheostat, simply a barrel filled 
with salt water, in whicli weie immersed two flat coils of heavy chopper wire, 
mounted on adjustable supports for contKolling the current. Mains up to 
6-in. were thawed. Boiling of the rheostat was reduced by irutting in snow. 

Services are often thawed by running into the service from the cellar 
block-tin tubing, through which hot water is pumped continuously by 
a force pump. Tubing cannot be pushed far through f-in. services. 59h 

Cleaning water mainsj removes incrustations, growths, and sediment, all 
of which decrease capacity. Mains may be cleaned by flushing, by. pulling 
through a cleaner, or by water-driven turbine cleaners. Latter are used 
by National Water Main Cleaning Co., New York. For methods used in 


114. 


* See Bull. 7, Purdue tiniv. Expt. Sta., 1924. 

t For motor-driven gencirator used at Dedham, Mass., see J. N. E. .W. W. A.^ Vol. 34, 1920, p. 


i For other discussions, see following volumes of J. N. E. W. Vol. 5, 1891, p. 21, 

; Vol. 24, 1910, p. 373; Vol. 28, 1914, p. 70. St. Johns, N. B., Y§f:> Boetpt, 


131. 

Vpl. 13, 1899, p. 341. 
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Great Britain, see E, N.j Aug. 31, 1911, p. 259, and Murdc- Eng., 1916, p. 
191. A questionnaire on American practice is given in Munic. J., Aug. 10, 
1916, p. 152, and June 15, 1918, p. 486. 

Flushing consists in opening a number of hydrants or blow-offs. This is 
liable to injure street pavement, to overload sewers, and so to clog meters 
with sediment as to cause trouble.63 Detroit ox])erienee is that flushing 
removes loose dirt, but barnacles and solidified sediment on bottom remain 

Flue Cleaner, Railway water lines carrying softened water require fre- 
quent cleaning. A line on the Northern PacificGS has Ixam clt^aned by making 
pits 8 by 16 ft. at 6(K)-ft. intervals wdiere pi])e kmgth eoidd l)e taken out; a 
line of sewer rods is inished through (*arrying |-in. cable, which pulls through 
a large-size flue cleaner. This was used on 17,000 ft. of 10-in. line at Dilwortli, 
Minn. 

Cleaning by machine consists in cutting out a i)ipe length at eatdi end of 
section to be cleaned. The downstream section is re})laced by a | bend, 
and a riser of the same size is extended al)ove tht' street,. The u))stream 
section is replaced by a kmgth of new' pipe, containing tlie ‘‘Go-devil,” which 
is calked into place. Water is then tunuKl on above, sending the sediment 
and the ‘‘Go-devil” eventually out of the riser. Cleaning by machine 
offers the incidental advantage of checking the records of valve location. 
The “Go-devil” may be drawm by cable. Cleaning may be so scheduled 
that a main is out of service but 12 hr.®^ At New' Albany, Ind., a 2-mi. 
stretch of 16-in. pipe w'as tiaveled in 40 min., and tw'o 5-ton truck loads of 
rust tubercles brought out. ^ 24 

Service pipes are cleaned in Springfield, Mass.,®^ by inserting jointed 
J-in. brass rods from cellar end, carrying a double-edged knife at forw'ard 
end.* Stuffing box prevents great loss of water, as pressure must be on for 
the best results. Value to consumers reported as $15,600 in 1 year. 

Res'ults of Cleaning. Some pipes ,at St. Louis'^o testcal before cleaning 
indicated 33 per cent., and after (*lcaning 96 per c(mt ca|)M(‘ity of new pipe; 
deteriorated in a few months to 65 ])er cent., a stable? condition. Examina- 
tions of 6-in pipe showed coating abraded and rust streaks forming. The 
springs of the machine should l)c so set as to insure thorough (‘leauing and yet 
not injure the interior coating. Mains 20 years old wall generally show large 
improvement in capacity after cleanings. Cleaning is particailarly advisable 
on long conduit lines or w'hore immping costs are higli.^i See Ilodgman, Proc, 
A, W, W, A., 1911, p. 40. Incrustations during first year after gleaning may 
produce a noticeable effect but not after that; Ilodgrnan cites this as the 
experience in Cincinnati, Buffalo, Boston, Cambridge, Shreveport, Kansas 
City, and Omaha. 72 

Hartford, Conn.^^ 33,100 ft. (6J mi.J of 20-in. and 30-in. mains were 
cleaned in 49 days, using 1,655,000 gals, of water. Some incrustations 1 in. 
thick, nearly around pipe. Some pipe moss (Paludicella) found near reservoir. 
List prices of National Water Main Cleaning Co. for doing this work in 1912t 
ranged from 16 cts. per linear foot of pipe for 6-in. pipe, up to 80 cts. for 36-in. 
Carrying capacity was increased from 50 to 61 per cent. 

1 1925 20 cts. for 6-in., up to 70 cts. for 36-in., for favorablo opn4i^oii. 
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Economy of cleaning lies in reduction of pumping charges and the main- 
tenance of fire pressure. Ledoux^a cites a 6-in. pipe, 25 years old, the 
capacity of which was quadrupled. • Alternative to occasional cleaning is to 
treat the water so thoroughly as to free it of all constituents which cause 
incrustations and growths; few instances of success are known; see p. 387 and 
p. 813. Charleston, S. C., is avoiding excessive cost of cleaning by laying 
cement-lined pipe. See N. R.y Sept. 7, 1922, p. 387. 


DISTRIBUTION LOSSES 


Water unaccounted for is defined by A. W. W. A. Committee on Water 
Waste Controls as ^'tliat portion of tlie water flowing into a distribution 
system which is not delivered to the consumers/' It embraces (a) leakage, 
(5) waste, (c) iinderregistration of meters, (d) water used for sewer flushing 
and elsewhere not metered, but estimated. Holway^e reports that in Okla- 
homa City the greatest losses were through (a) illegal connections, of which 
an 8- and a 3-in. were found, and a bypass on a 1-in. meter; (6) leaky flushing 
tanks in sewer system; (r) poorly maintained meters. 

In systems 85 to 100 per cent, metered, usual quantity unaccounted for is 
20 per cent., exclusive of pump slippage. Committee on Water Consumption 
of N. E. W. W. A. (1913) considered 25 per cent, loss in a well-rnetered system 
as good practice. N. 1C. Committee on Meters (1916) found a range from 12 
to 49 per cent., with average 27, for 35 completely metered systems.77 At 
Grandview, Ohio, water unaccounted for in summer was 3.5 times that in 
winter. IIuyi2 was able, by pitometer surveys, overhauling meters, and a 
house-to-house inspection, to increase revenue-producing quantity from 48 to 
90 per cent, of total pumped. Sec Fenkell on Detroit waste in J. A,W.W, A.y 
Vol.8, 1921,p.583. 

Water waste comprises water which serves no legitimate purpose, and 
includes leaks. Sources of waste which involve the human factor are: (1) 
failure to turn off spigots, (2) failure to turn off hose, (3) unnecessary sprinkling 
of lawns and sidewalks, (4) leaky fixtures, (5) toilets with too large tank 
capacity, (6) deferred maintenance of fixtures, (7) unauthorized use of water 
other than from fire-protection systems (for which a readincss-to-serve charge 
only is made), (8) hydraulic elevators not reusing the water, (9) street and 
sewer flushing, (10) unauthorized use of fire hydrants for steam rollers, etc.78 
Some items listed are not entirely waste, fllthough cominonly attended with 
waste; some may result in loss of revenue through a faulty system of charges. 
Cantonment regulations for leakage and waste tests are given in /. A. W. W, 
A.,Vol.6,1919,p.l79. 

Water Wasted by Fixtures. A stream leaking through a worn 

faucet washer under 40-lb. pressure will discharge 19,000 gal. in a month; at 
20 cts. per 1000 gal., this would pay for a new faucet* in a month. A J-in/ 
stream, as from an overflowing toilet flu^sh, will waste 300,000 gal. per 
month; this would equal the cost of a toilet complete.^® Publicity measures 
for curtailing waste often feature this phase. In New York City a circularf 
was distributed showing faucets at various operiiiws, labeled with annual 


* Exclusive of plumber’s charges (Edttobb). 
t Reproduced in J. A. W. W. A., Vol. 6. 1919, 
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expense to householder, from $2 to $800. True®® estimates that 12 to 20 
per cent, of total water consumption is used in toilet fixtures, and that this 
can be restricted by properly designed fixtures without violating sanitary 
requirements. Use was restricted in cantonments by bending down the 
floats in the flush tanks so as to reduce discharge. Schools waste enormous 
quantities. Boys’ High School, Louisville, wasted 114,000 g. p. d 

Waste-water surveys establish relative flows in districts by sectionalizing 
the distribution system. Comparisons of flows* between midnight and 5 a.m., 
with daily average, indicate excesses which should be investigated in detail 
by reducing the size of district or by use of leakage detectors, or house-to-house 
inspection. 

Ktometer surveys, developed from the Deacon system used in England, 
require knowledge of the areas of the waterways (net interior cross-sections 
of pipes), and determination of velocity b}’^ some form of pitot tube, introduced 
into the pipe through a corporation cock.f See Lanhain, J. N. E. W. W. A. ^ 
Vol. 33, 1919, p. 287. Pitometer surveys are made at least expense where 
system contains manholes at strategic points with 1-in. corporation cocks on 
either side of the valve. A successful pitometer survey recpiires training of 
men.*2 The pitometer is reliable at velocities as low as 0.5 ft. per sec. 
Discharges may be determined by pitometer within 2 or 3 per cent.®® Pitom- 
eter surveys yield varying results. At Detroit, it was estimated that a 
saving of 20 mgd. would be effected (15 per cent.), whereas a survey of but 
half the system revealed only 7 mgd. The saving x>ossible is difficult to esti- 
mate in advance. 75 A pitometer survey at Madison, Wis.,®4 costing $4600, 
disclosed leaks on which the pumping charge for 1 year was $7000. Water- 
waste survey costing $5200 (total, including city time) saved Newark, Ohio, 
about 2.1 mgd.®* 

Hose-and-meter survey®® is adaptable to small systems where velocities 
are low. A meter is installed on a hose line between tAvo hydrants on opposite 
sides of a valve. The valve is closed and the hydrants opened, bypassing 
all flow through the meter. Conqjarisons of flows can thus be made as desired. 
Meter sizes f to 2 in. have been u.sed. Two-inch Venturi meter with |-in, 
throat was employed at Oak Park, III,, to detect low flows.®* 

Pressure gages may be used.® 7 Sectionalize a X)art of the system and 
establish a pressure gage on its feeder. Close valve on feeder between gage 
and pumping station or reservoir. . If at hours of small consumption x>ressure 
on gage falls rapidly to zero, leaks are indicated. 

House services were tested at Oak Park, 111., by inserting intorneter. 
Flows as low as \ g.p.m. were measured.®® Autographic detectors were 
also used. 

Test^pit method®* requires a manhole built around the valve, so that 
Corporation cocks on the pipe on each side of the valve are accessible, making 
possible a temporary bypass with meter inserted. Close the valves at the 
ends of the section to be tested and open an intermediate hydrant; crack” 
one valve until water rises to the lip of the steamer connection. Then close 
the valve; if flow from nozzle continues, the valve is leaking. If level in 

♦For W. W. A., Vol. 12, 1924, p. 157. ^ ^ ^ , 

t po., New York, Simplex Valve & Meter Co., Philadel* 

•pliia, and ^Co., New York. 
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hydrant drops, there is a- leak in mains. With all gates closed^ the only entry 
is through the meter; by shortening the length between test* pits, the leaky 
section can be determined, and the leak ultimately found by means of surface 
indications of moisture, aquaphones or other means. 

Value of Water-waste Surveys.®® Boston* as a result of 3 years' work, 
found 296 leaks, including two broken mains, accounting for 10.25 mgd. in 
daily consumption of 85.1 mgd. Survey cost $68,000. Grand Rapids survey 
began 1921, cost $10,000, disclosed no large breaks or leakage, but proved 
valuable in tracing dual piping system of which no record existed. Detroit sur- 
vey covering 1151 mi. of 24-in. main (and under) disclosed underground leakage 
of 9.6 mgd., including partly open 6-in. blow-off and two breaks iii 6-in. main. 
Test of large meters in place showed underregistration 0.43 mgd., worth 
$51,000 annually. House-fixture leakage amounted to 22.6 mgd. Survey 
located many defective valves. Department has established pitometer divi- 
sion as result of waste survey. Baltimore survey began 1920, covering 153 
mi. of main, reduced consumption of 30.9 mgd. by 6.5. Half of this amount 
was found inside curb cock. Cost of survey averaged $168 per mi. of main. 
Herkinwr^ N. Y., survey costing $1200 disclosed no considerable leakage, but 
cost was considered justified by determination of pump performance and of 
defective valves and hydrants, Ogdensbnrg, N. Y., with consumption of 3.07 
mgd. avoidable waste, including underground leakage of 0.35 mgd. due to two 
joint leaks, one cracked main, and 23 service leaks. FAmirOy N. Y., found sur- 
vey profitable, although leakage not stated. Oswegoy N. Y., survey accounted 
for 1.0 mgd. lost through leakage on unmetered fire lines. Richmondy Ind., 
survey disclosed underground leakage, 0.27 mgd., and house wastage of 0.37 
mgd. W ater saved was estimated to pay for survey in 1 year's time. 

Leakage Detectors. Aquaphone, geophone, sonograph, sonoscope, sono- 
foiie, Darley leak loctfitor,t and dctectaphone are trade names for appliances, 
the principle of which is the audibility of water flowing through a leak. All 
but geophone and Darley leak locator require direct contact with the pipe. 
Darley detector rests on the ground; high wind or other noises interfere.®^ 
Clark leak indicator operates through loss of pressure; it is used for services 
'•only. Leaks may be located by water-pressure diagrams.! Leaks were 
detected at Madison, Wis., by bare spots when ground was snow covered.*^ 
A leakage of 650 g.p.d. per mi. seldom softens the ground,®* or gives surface 
indications, unless concentrated in one or two leaks. For locating pipes, 
the detector, § wireless pipe locator, H and similar devices are available. 

Aquaphone. Sounds of leaks investigated by aquaphone in New York 
decreased rapidly with increase in size of main. Leaks of 0.5 mgd. on a 48-in. 
main could not be heard beyond 10 ft., while smaller leaks on 6-in. pipe could 
be heard 500 to 1000 ft. distant.®® 

Geophone®4 embodies principles of seismograph, a lead weight being sus- 
pended between two plastic diaphragms across small airtight box; Any vibra- 
tion will affect the tight box and compress or rarefy the air, which effect is 
transmitted to the earpiece resembling a stethoscope. To detect earth sounds, 


♦ See also Mclnness in N. E. W, W. il., Vol. 35, 1921, p. 34. 

+ W. S. Darley & Co., Chicago. 

! Force pump was used on services at Superior, Wis.; see E. 1921, p. 461, 

iWater Worlw Equipment Co., New York ll: . 

f Modern Iron Works, Quincy, 111. 
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the instrument must rest on the ground. Trial positions with two geophones 
with an earpiece to each ear will establish point of maximum sound. At 
Roanoke, Collins®^ found that time taken to locate a leak when within 60 
or 75 ft. of it usually amounted to a few minutes, not exceeding 15 
or 20. Survey cannot be made during traffic hours, as all noises are 
detected; best time, except in outlying districts, is early morning. Operator 
must learn to distinguish sounds. Sounds of leaks vary with the impinging 
medium. 

• Waste control on premises* may be had by house-to-house inspectionsf 
or by metering. Inspections must be frequent, are costly, never completely 
effective, particularly in large cities, and are resented by householders®® 
whose cooperation is thereby forfeited. To be even measurably effective, 
they must be acconipanied with rigid imposition of penalties. Meteringt 
produces permanent results; costs about the same. Notwithstanding prej- 
udices, it is noteworthy that a municipality that has adopted meters has 
never gone back to the old system.®^ Waste is cut down by reduction of 
pressure either at pumps or by throttling main-line valves. § Hartford saved 
0.3 mgd. by throttling.®® 

Water-waste control, in Oak Park, 111.,®® a city of 35,000, is attained by 
. annual waste surveys, complete meterage including all public uses, main- 
tenance of meters, rigid collection of higli bills caused by fixture leakage, 
education of consumers, and absolute backing by the higher municipal 
authorities. 

Leakage from Mains. Probably leakage in a new system will not be 
materially less than 3000 gal, per mi. daily unless carefully tested and all 
defects remedied. Leakages are proportionately greater in small-town sys- 
tems, as many of therri are poorly constructed. By testing in open trench, 
under pressure at least 50 per cent, in excess of rnaxiinum static pressure 
expected, recalking all dripping joints and replacing defective pipe, it is pos- 
sible to reduce leakage to an extremely low amount. With first-class calking, 
when the men know the work is to be tested in open trench, average loss 
from 1000 ft. of pipe before testing is about 200 dro]>s per min., ecjuivalent to 
about 90 gal. per mi. per day. Leaks from joints in Washington'®® were 
generally due to insufficient lead, which allows a crevice to open under slightest 
deflection. By going over the joints, leakage may be reduced so there is no 
visible escape of water. Reliance cannot be placed on behavior of a pressure 
gage in judging tightness of pipe. 

For leakage permissible in new work, general practice appears to justify 
60 to 250 gal. per day per mi. i>er in. of diarn. Loweth'®' proposes 60 to 80 
gal. per in. mi. Gregory, in improvements to Columbus water supply, spec- 
ified as in Table 120.'®2 Leakage specified at Akron '20 was 200 gal. per in. 
mi. per day; actual tests were near 70. Burns and McDonnell in many sys- 
tems in Middle West specified 80.'®® 


* Read^ iB referr^ to, ‘‘Reduction of Water Consumption by Means of Pitometer Surv^ and 
Constant Inspection,** by Andrews, J. A. W. W. A., Vol. 6, 1919, p. 35.5; “Control of Water Waste 
by House to House Inspection,’* by Smith, J, JV. E. W. W. A., Vol. 35, 1921, p. 322, and to question- 
naire in Munie, J., June 16 and 22, 1918. 

t For methods in ^ity, see Mimic, Eng, J., Paper 137, 1923, p. 23. 

1 See I ■ 

I See 
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lable 119. Total Underground Leakage in Cast-iron Water-pipe Systems in v 

Operation 


City 

Miles 
of cast- 
iron 
pipe 

Bisc, 

in. 

Leakage, 
gal. per 
day per 
mi. 

Leakage, 
gal. per 
day per 
in, of 
diam. 
per. mi. t 

Date 

:< ■ 

Remarks 

Hoboken, N. J. 
High Service 

22.37 

4-16 

1,285 a 

160* 

1883 

Metered in and out. 

Same 

22.37 

4-16 

12,600 a 

J,580* 

1888 

Metered in and out. 

Englewood, N. J . . 
Fall River, Mass.. 

4.78 

4-8 

1,3.55 a 

226* 

1888 

Metered in and out. 

Whole 

System 

10,000 h 

— 

1904 

96 % metered. 

Fall River, Mass.. 

Whole 

System 

600* r 

19(K) 


New York, N. Y. . 

Whole 

System 

System 

System 

142,000 d 

— 

1900 


New York, N. Y. . 

Whole 

. 

13,100* r 

1900 


Boston, Ma.ss 

Wliole 

14,187 d 

— 

1900 


Newton, Mass . . . . 

Whole 

System 

3.832 r 



1897 


Brockton, Mass . . . 

Whole 

System 

6,200 h. 

1904 

90 % metered. 

Ware, Mass 

Whole 

System 

11,200 /> 

— 

1904 

100 % metered. 

Worcester, Mass . . 

Whole 

System 

20,800 h 

1904 

94.5 % metered. 

Wellesley, Mass... 

Whole 

System 

3,450 b 

— 

1904 

100 % metered. 

Yonkers, N. Y 

Whole 

System 

23,340 6 

— 

1904 

100 % metered. 

Woonsocket, R. 1 . 

Whole 

System 

4,370 h 

— 

1904 

86.7 % metered. 

Milton, Mass 

Whole 

System 

3,110^- 

— 

1904 

Metered in and out. 

Belmont, Mass . . . 

Whole 

System 

3,680 h 
2,130- 



1904 

Metered in and out. 

Melrose, Mass .... 

1 . 33 

•111 

4,780 
43,770 /> 

6,100 

1904 

District tests. 

Chicago, 111 

25.8 

— 

202,500 / 

— 

1910 

Streets tested before paving: 

Milwaukee, Wis. . 

8.72 

-1-21 

75,000 0 

7,500* 

1911 

District tests. 

Milwaukee, Wis. . . 

13.3 

6-20 

48,800 0 

4,880* 

1911 

District tests. 

Washington. D. C. 

83.0 

3-20 

76,. 500 h 

10,600 

1911 

District tests. 

Providence, il. I . . 

1.0 



39,654 i 

— 

— 

Test in mill yard pipe 36 years 

Providence, H. 1. . 
Providence, R. I . . 

1.0 

5.57 

12 21 

9,263 i 
2,478 i 

— 

1900 

old. 

Same after repairing. 

High pressure 114 lb., fire, serv- 

Brooklyn, N. Y . . . 

1 5 . 30 


261„500 j 

— 

1910 

ice 3 years old by meter. 
Summary of district tests for 

New York, N. Y. . 

28. 1 

12 

7.380 J 

615 

1909 

Bypass at pumping stations. 
Street tests. 

Akron, Ohio 

2.0 

0 

10,000 k 

1,667 

1911 

Grandview 
. Heights 

5.5 

6 12 

2.3 k 

0.31 

1911 

Metered in and out. 

Corpus Christi, 
Tex 

11.1 

IS 

1,800 

89 

1915 

Specifications required 144.*®® 

Glencoe, 111 

15.5, 

4-10 

— 

800 

1896 

Meter checked midnight read- 

Milton, Mass 

32 

.. 

3,372 



1901 

ings.'®^ 

101 

— 

— 

— 

.720-960 

— 

Conclusion from tests of 10-in. 

Kincaid, 111 

5 

•110 

2,370 

470 

1914 

lines and smaller.*®* 

102 

Gary, Tnd 

20 

6 30 

— 

2,600 

1909 

102 

Hartford, Conn . . . 

3.2 

8 20 

2,867 

0.64t 




♦Approximations from data Riven, o, Brush; 6, Braekett; c, Freeman; d, Croes; e, Kuichling; 
f, Phillips; f/, Palmer; //-, (larland and McFarland; t, I. S. Wood; New York Report; A;, Bradbury. 
In Washington, D. C., for years 1908, 1909, 1910, and 1911, leakage from pipe joints was, respec- 
tively, 24, 20, 16, and 37 per cent, of total leakage, average 24 per cent. 

t Leakage per in. of diarn. per mile X y — Leakage per lin ft. of joint (time intervals the same) 
y as 0.0060, for 4 in.- and 0.0075 for 20-in. pipe (inside diam. of bell used). 

X Per hn. ft. of joint, gals, per 24 hr. • 


Table 120. Allowable Limits of Leakage from New Cast-iron Water-pipe Lines, 

Columbus, 0.102 


Pressure 110 lbs. per sq. in. 

Leakage, allowable . 
gals, per hr. per 
linear ft. 

Equivalent in gals, 
per 24 hrs. per mi. 

Gals, per 24 hrs. 
per in.-mi.* 

Sise» inches 

20 : . 

0.08 

10,138 

507 

24 .. 

0.10 

12,672 

528 

36 .. 

0.15 

19,008 

528 


♦ Lejakage figures reduced to unit lengths of mains are claL. 
Bureau, to bo unfair; a great quantity of leakage is through theJf 
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Leakage Records.* It is customary to allow 3 gal. per day per ft. (2.67 gal. 
per lin. ft. of joint p6r 24 hr.) for 48-in. cast-iron mains in Brooklyn ;t tests on 
48-in. standard cast-iron pipe resulted in a leakage of 7900 gal. per mi. per 
day (1.12 gal. per lin. ft. of joint per 24 hr.) under 128- to 163-lb. test pressure. 
A line in Staten Island under pressures from 47 to 116 lb. showed a leakage 
of 6700 gal. per mi. per day (1.27 gal. per lin. ft. of joint per 24 hr.). In 
removing 50 mi. of cast-iron mains in Brooklyn, 90 per cent, being 6 in., and 
the rest 8 to 12 in., only a few dripping joints were found, most of them in a 
block where the pipe was laid without calking. A 4S-in. main sagged 26 in. 
in six lengths without noticeable leakage. On a force main at Ridgewood laid 
with solid lead joints, three times the leakage of ordinary joints has occurred. 

A 48-in. steel main in Philadelphia, after being tested and recalked, had 
leakage of 7000 to 10,000 gal. per mi. per 24 hr. (based on field joints every 
30 ft., leakage per lin. ft. of joint per 24 hr. = 3.1 to 4.5 gal.) under 160-lb. 
pressure. A certain 72-in. steel main gave following test results: I^ength of 
section, mi., 3.57, 0.19, 3.43, 0.26, 3.35; leakage per mi., cu. ft. i)er sec., 0.024, 
0.039, 0.034, 0.370, 0.098, respectively. Pressure was 0 to 55 lb.; 10.8 
mi. averaged 0.059 cu. ft. per sec. per mi. (Based on field joints every 30 
ft., leakage per lin. ft. of joint per 24 hr. = 0.000012 mg.) General experience 
with steel mains is that they tend to grow tighter with age, provided corrosion 
does not pierce plate. See also p. 356. 

Leakage from Services. Investigations in Minneapolisio® in 1918 
showed that 37 x>er cent, of leaks "were from defective wiped joints; workmen 
have not the old skill. Coux3lings are j)rcf erred for longer life and less leakage. 
Western New York Water Co. allows lead-flanged union connections only. 12 
Custom in some cities is to lay service pipe to vacant-lot line before paving. 
Of services so laid in Chicago in 1911, 55 per cent, were for future, and were a 
prolific source of leakage. Tests by Wolfe^®® in stockyards, Chicago, where 
practically all services are cast-iron pipe, indicated but 2.3 per cent, of water 
unaccounted for. In tests in other parts of city, main leakage was but 7 
per cent., while that in services was 67 per cent., and in valves and hydrants 
26 per cent. Only one-tenth of leakage comes from mains; yet they are used 
as basis for the leakage unit. § 

ELECTROLYSIS OF WATER PIPES 

Effect. Electrolysis injures or destroys, sometimes rapidly, cast-iron, 
wrought-iron, steel, and lead mains and service connections, and lead sheaths 
of cables, t American Committee on Electrolysis representing national engi- 
neering societies and interested associations is formulating its third report. 
Reports dated 1916 and 1921 may be consulted in libraries, and the latter 
purchased from A. I. E. E., New York. 

Elinds. Stray-current electrolysis is due to return or stray currents from 
electric railroads, telephone, or other electric-service conductors, which trav- 
erse the pipes as part of the circuit, and at points of departure Carry away 
particles of the metal; also, but less extensively, due to local formation of a 

* See also Bradbury, Ohio Eng. Soc.^ Jan. 1912. 

t Joints are computed on inside diam. of pipe. 

i Reinforced con creteLpiaafe is also affected; sec Technological Paper No. &2, 1924, Bureau of 
Standards. 

VSee 
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battery, as when an electrolyte is present in surrounding soil, and steel with 
mill scale supplies the other two elements. Earth currents also cause electrol- 
ysis, especially in damp ground and along water courses; this last is termed 
soil corrosion (seep, S87). 

Cause. When electric current passes through a metal conductor, it 
causes no chemical change, but when it passes through a conductive medium 
which is decomposable by the current (termed an electrolyte), decomposition 
of the metal occurs at points where the current leaves. Pure water becomes 
an electrolyte only on addition of certain salts, which are in most soils. 

Conditions. Electric corrosion occurs only when and where current 
leaves the pipe or cable sheath; this may be (a) at insulating or other high- 
resistance joints where current passes from one pipe length to the next through 
the earth, or (h) where current leaves the pipe line permanently. Removal 
of metal starts pitting, which may develop into holes. 

Surveys. To determine geographical extent and intensity of conditions 
causing electrolysis of pipe systems, electric surveys are made, measuring 
differences of potential at various points between pipes and electric railway 
or other near-by conductor of current; direction of current with respect to 
pipes is also determined. Since numerous obscure elements enter most elec- 
trolysis pj-oblerns, surveys are satisfactorily made only by an experienced 
specialist. Rate and extent of damage vary greatly and are influenced by 
many local conditions. For example, under a large portion of Newark, N. J., 
there is light, dry sand very unfavorable to electrolysis; Cincinnati, Ohio, 
reports no damage, but its electric railways use the double-trolley system; in 
Altoona, Pa., and many other places trouble is attributed to insufficiently 
bonded rails of electric roads. 

Remedies.* Most methods have proved of limited application or useless. 
(1) Paints, insulatii]^ papers, and textiles do more harm than good. Cement ■ 
coatings are porous in si)ots and afford no permanent protection. (2) Ca- 
thodic devices for maintaining the 
pipes negative to earth are deemed 
inexpedient or worthless. (3) Location 
of pipes as far as iwacticable from street 
railway tracks. (4) Insulating joints, if 
sufficiently frequent, sometimes protect 
the pipe. Frequency depends on poten- 
tial gradient. Cement, leadite, and 
metalium make high-resistance joints, but the value of leadite decreases, 
with age. Such joints are also employed to prevent interchange of current 
between two piping systems. Insulated joints do harm where there are 
currents across the pipe between other subsurface pipes, as the intermediate 
pipe is affected at point of leaving far more seriously than if it were part o£ 
a continuous conductor. East Bay Water Co., California, insulates services 
wherever possible, both at main and on house side of meter. (5) Dramage 
consists in connecting the affected structur.e to the railway return circtui 
by insulated conductors in such a manner that the current leaves the structure 

In some communities, notably at Council Bluffs and Omal|/ 
been financed* by utility companies. / s 


WhifeP/ne 
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Fig. 184.-^Inserted coupling, designed 
• by McKenna.'!* 
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through these connections instead of flowing to earth. Drainage may improve 
conditions in one part of pipe at expense of another part. (6) Three-wire, 
system of distribution theoretically holds promise, but in practice the desired 
electrolytic equilibrium has not been attained, and serious corrosion has 
resulted; used at Winnipeg and elsewhere.!^' 

Electrolysis Safeguards on Steel Conduits for Raw Water, Cleveland. 
The twin lines lie in a neutral area. Where cast-iron specials or valves occur, 
a copper bond connects steel to steel ; where more than one piece makes up the 
special, a branch copper line connects each part with the main bond, so that 
there will be no occasion for a stray current to jump a lead joint. Gaging 
boxes have been installed at strategic points, and copper lines installed for 
determining both the direction and the amount of electrical flow along the 
pipe as well as through the soil away from the pipe. These gaging manholes 
will eliminate excavations for electrolysis measurements. 

EQUIPMENT AND APPURTENANCES 

Drinking Fountains. Committee* of A. W. W. A. reixnted on sanitary 
aspects as follows (1924): 

1. All types of drinking fountains witVi vertical jets ani to l)e condemned. 

2. Most types of drinking fountains with slanting jets are to be condemned. 



Fig. 185. — Public watering station. 

(Designod by Frank E. Merrill, Water Commissioner, Somerville 

3. To be sanitary, drinking fountains should conform to following specifications : 
a. Jets shall be slanting. 

♦ The oomndtW> variety of fountains put out by manufacturers are poiyat 
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6* Orifices of jets shall be protected in such a manner that they cannot b© 
touched by fingers or lips, or be contaminated by droppings from mouth, or 
by splashings from basins beneath orifices. 

C. Guards of orifices shall be so made that infectious material from mouth 
cannot be deposited upon them. 

d. All fountains shall be so designed that their proper use is self-evident. 

Section 61 of the Railway Sanitary Code of U. S. Public Health Service 
specifies: 

If drinking fountains of bubbling type are provided in any railway station, they 
shall bo so made that drinking is from a free jet projected at an angle to the vertical 
and not from a jet that is projected vertically or that flows through a filled cup or 
bowl. 

SERVICE PIPES* 

Sizes. The standard size of service connecting house with mains is J in., 
although 1 and even 11 in. have been used where rapid internal corrosion was 
feared. Ordinarily, 1-in. pipe can go twice as long between cleanings as'f in., 
as it has twice the area. New England W. W. Committee,' 's recommended 
large service sizes where metered; use on unmetered supplies leads to waste, 
particularly through garden hose. Size of tap is not yet standardized; f in. 
is smallest size tap now used. 

Connections to Mains. Services are joined to mains through corporation 
cocks: small valves operated by turning 90 deg. with a wrench, with a small 
aperture opposite the main through which the 
service pipe may be drained when cock is closed. 

Sometimes cock is replaced by a gate valve, to 
provide control from surface. Ordinarily, service 
is controlled from a^ shut-off valve near the curb 
protected by a curb box. Service curb boxes f 
afford means of controlling the services from 
curb to house. Control of whole service pipe is now Boston practice; a 
second stopcock with box is installed at the main. 

Gooseneck (Fig. 186) connects corix)ration cock to service, and furnishes 
flexibility to maintain integrity of connection if main settles. In favorable 
soils, particularly in New England, gooseneck is omitted and rigid connection 
made, enabling service to be cleaned readily from cellar to main by rodding. 
Due to breakages of lead goosenecks Hstrtford substituted two elbows, and 
secured sufficuent flexibility . '26 

Materials for Services. Plain iron or steel, galvanized iron or steel, 
lead, brass, lead-liried, and cement-lined pipes have been used. Corrosion, 
freezing, and electrolysis affect life of service pipe, which varies from 16 to 
50 years, dependent on conditions and materials. Researches by Speller { and 
others (see pp. 587, 810) on deactivation of water have increased- our knowt 
edge of corrosive agencies . Many services depreciate from external corrosion ;§ 
surrounding with concrete has been tried as a remedy. Galvanized pipe is" 

♦ Committee 10, A. W. W. A., is to report on service standards. See Manual of 
Water Works Practice, 1926, p. 385. ^ 

t Service boxes are made by H. W. Clark Co., Mattoon, 111.; S. E. T. Valve & Hydjwint:C6.i. 
New York; W. G. Classon, Leominster, Mass.; and others. 

1 flee “Corrosion” (McGraw-HiH Book Company. Inc., 1926). 

i Sec Donaldson in A. W, W. A., Vol.ll, 1924, p. 649. . 



Fig. 186. 
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most common material; protective measures are relatively simple and inex- 
pensive. Lead appears to give longest life; its use is restricted to waters 
where plumbism does not threaten. See questionnaire on life, in Public Works^ 
1922, pp. 345 and 352-355. Cement-lined pipe has been used in New England 
for 40 years (see p. 374). It can be bent to a 5-ft. radius; recent improvement 
in lining should lead to wider adoption, as it gives a service free from corrosion 
or plumbism (see Newsom, in J. A. TF. W, A., Vol. 13, 1925, p. 145). 

Lead services are extensively used. The advantages arc: (a) long life; 
(6) freedom from rusty waters. The disadvantages are: (a) Lead has been 
found in many instances to constitute a grave menace to liealth, particularly 
with soft waters, colored, swampy waters, and waters containing carbonic 
acid.' 27 (5) The cost of installing it is more than foi* galvanized pipe. 

Galvanized service pipes are most extensively used. Advantages are: 
ease of installation, because of threaded joints and fittings; (5) cheapest 
piping obtainable. Disadvantages are: (a) The galvanizing does not perma- 
nently protect against corrosion, (b) All iron or steel pipe, irrespective of 
whether it is galvanized, corrodes; results are red dirty water, short life 
with consequent replacement, leakage. 

Cast-iron Services. Generally used only where size is 2 in. or over and 
preferably for 4-, 6-, or 8-in. connections. Very limited use for ordinary 
domestic purposes. 

Tin-lined Lead Pipe. It has been shown that the tin lining does not 
prevent the taking into solution of lead. 

Cement-lined Services. Advantages are: (a) no rust, (6) no harmful 
corrosive product. Disadvantages are: (a) making satisfactory joints; {h) cost 
of installing; (o) difficulty of producing satisfactory lining. 

Brass* and Copper Services. Advantages are: (a) possibility of eliminating 
the lead gooseneck entirely by using soft pipe that may be bent to the main ; 
(b) no rusty water; (c) minimum of corrosion (no rust clogging); (d) e<asily 
installed; (e) no harmful corrosion products and no poisoning; (/) no* replacing 
necessitating the tearing up of ex^M^nsive pavement as with corrodible piping; 
(g) ultimate saving effected where replacements are necessary; (h) no incon- 
venience due to shutting off water for replacement. Disadvantages are: 
costs to install about 10 to 12 per cent, more than galvanized piping and 
about 1 to 3 per cent, more than lead services. 

Plain wrought-steel pipe, termecj wrought pipe,^^t often used by unscru- 
pulous building contractors to reduce first cost, has a short life; Wolfe con- 
siders it responsible for large underground leakages.'®® 

Grounding Secondary Electric Circuits. McCullom and Peters"® 
claim no danger of electrolysis from a.c. circuits; they recommend that water 
pipes only be used for grounding; there is danger of exjJosions from grounding 
on gas pipes. 

Standards. Committee of N. E. W. W. A., reported in 1916, and A. W. 
W. A. has a committee formulating standards ( 1926) . 

Laying. Services can be laid in trenches or can be jacked through an 
earth section by a “ pipe pusher t which will handle J- to 2-m. pipe. 

♦ Adopted by Haokeiu»ack Water Co. 

t Seep. 340. _ * 

ae by Water Works Equipment Co. 
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Table 121« Water-pipe Sizes * for Plumbing Fixtures, Branches, Risers, and Mains 

(A) Supply Sizes for Fixtures and Maximum Flow in Gal. per Min. 



Number of fixtures | 


> 1 

2 1 

4 

« 1 

12 

16 

24 

32 

40 

Water closets: 











Gal. per min 

8 

16 

24 

48 

60 

80 

06 

128 

150 

Tanks 

Pipe size 

i 

3 

■4 

1 

u 

u 

11 

2 

2 

2 


Gal. per min 

30 

50 

80 

120 

140 

160 

200 

250 

300 

\ Flush 

Pipe size 

1 

u 

n 

2 

2 

2 

2S 

2S 

2S 

/ valves 

Urinals : 











Gal. per min 

6 

12 

20 

32 

42 

56 

72 

00 

120 

Tanks 

Pipe size 

1 

2 

3 

4 

1 

u 

IS 

IS 

IS 

2 

2 


Gal. per min 

25 

37 

45 

75 

85 

100 

125 

150 

175 

\ Flush 

Pipe size 

1 

n 

11 

11 

u 

2 

2 

2 

2 

/ valves 

Lavatories and wash 











sinks — based upon 











each faucet: 











Gal. per min 

4 

8 

12 

24 

30 

40 

48 

64 

75 


Pipe size 


X 

-I 

1 

1 

11 

11 

15 

11 


Bath tubs : 











Gal. per min 

15 

30 

40 

80 

06 

112 

144 

102 

240 


Pipe size 

3 

1 

11 

I 2 

2 

2 

2 

21 



Shower baths : 










Gal. per min 

8 

16 

32 

64 

06 

128 

102 

256 

320 

8 in. rain 

Pipe sizQ 

1 

2 

3 

4 

11 

11 

2 

2 

21 

21 

3 

liead 

Acid and slop sinks, 











manufacturing, kit- 











chen, and laundry : j 











Gal. per min 

15 

25 

40 

64 

84 

0(> 

120 

150 

200 

Per bibb 

Pipe size 

3 

4 

1 

11 

11 

n 

2| 

2 


2J 

Per bibb 


N^ote . — The above sizes are based upon a pressure drop of 30 Ib. per 100 ft. 

In estimating risers and mains, the number of gal. for water closets and urinals, where flush 
valves are U8e<l, are to be as given for tanks. 

The hot-water faucets arc to be disregarded W'hen estimating risers and mains. 


jB) Sizes of Water Supply Branches 


Fixture 


Number of fixtunvs 


1 

2 

4 

s 

12 

16 

Water closets: 







With tanks 

1 

3 

4 

1 

IS 

IS 

IS 

With flush valves 

1 

IS 

1-5 

li 

2 

2 

Urinals : 







With tanks ' 

1 

2 

3 

4 

1 

IS 

I4 

U 

With flush valves 

1 

IS 

IS 

IS 

IS 

2 

Lavatories and washing sinks: 

Per bibb 

• 

1 1 

'2 i 

1 

2 

3 

4 

1 

1 

li 

Bath tubs 

3 

4 

1 

IS 

IS 

2 

2 

8 in. shower 

1 

2 

.3 

•i 

IS 

IS 

IS 

2 

Slop and acid, manufacturing and laun- 







dry sinks, per bibb 

3 

■4 

1 

15 

11 

IS 

2 


* W. S. Timrais. 


Head Lost. Many investigations have been made. See Foss^ formula, 
A. E. S.f Vol. 13, 1894, p. 295, and '^Flow of Fluids through Commerciai 
Pipe Lines,” by Wilson, McAdams, and Seltzer, E. N, /?., Oct. 26, 1922| 
p.690. 

Bleistein’s Table. This was calculated from tost data, and indicated the 
pressure difference between the street main and water flowing in a lead semce 
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pipe 30 ft. distant from the main, with various sizes of service pipes. The 
table is helpful in deciding on the effect of sizes. For instance, the output 
with 2-in. pipe with a 1-in. corporation cock is cut down nearly to that of a 
l§-in. pipe with a IJ-in. cock. The additional loss, due to strainer, is also 
shown. 


Table 122. Loss of Head in Corporation Cocks and Service Pipes. Bleistein^i? 

(First line gives diameter of lead service pipe; second line, cock size) 



2 inch 

li inch 


IQIQII 

i inch 

Flow, 

gallons 

per 

minute 

c 

•*- 

.a 

o 

p 

_p 

+- 

S 

"o 

P 


*0 

C 

O' 

.p 

t/ 

p 

£ 

-p 

o 

p 

JC 

c.- 

.c 

t) 

^p 

.p 

.5 

.p 

.5 

JS 

o 

.£ 

K!. 

.p 

.5 

43 

o 

.s 

5 

10 

15 

20 

25 
. 30 

40 

50 

60 

70 

80 

90 

100 

125 

150 

175 

200 

225 

250 

275 

300 
















2 

5 

11 

18 

28 

39 

(>9 

2 

6 

12 

21 

32 

46 

80 

3 

10 

23 

28 

54 




























3 

8 

11 

18 

28 

39 

52 

68 

4 

6 

10 

14 

21 

37 

51 

()9 

5 

9 

14 

20 

35 

54 

76 







5 

7 

11 

19 

30 

43 

63 





5 

8 

12 

21 

32 

47 

68 






3 

5 

8 

13 

18 

25 

33 

42 

51 

77 




4 

T) 

10 

15 

22 

30 

40 

52 








2 

7 

9 

13 

17 

21 

26 

40 

57 

77 





3 

4 
6 
8 

10 

13 

1() 

25 

3(i 

49 

62 

2 

4 

5 
7 
9 

12 

14 

22 

30 

41 

52 

65 

3 

5 

7 

0 

11 

u 

17 

27 

38 

51 

65 










3 

4 

5 

6 

12 

17 

23 

29 

37 

45 

















‘ *3 
5 
8 
10 
13 
17 
20 
24 
29 

3 

4 
(i 
9 

12 

16 

20 

24 

29 

35 

' '3 
4 
7 

10 

13 

17 

21 

25 

30 

36 







; ; ; ; 















































• • • • 





















55 
















64 











1 














.... 





t With strainer. 
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CHAPTER 20 

VALVES, SLUICE GATES, AJSTD HYDRANTS 
GATE VALVES 

Standard Gate Valves. Standard specifications for valves, adopted by 
the A. W. W. A., July, 1913, are universally accepted by makers* and users; 
they were established as railway practice in 1922 by Am. Ry. Eng. Assn.f 
On small municipal systejiis, it is common practice to omit detailed specifica- 
tions, but to stipulate that valves shall conform to the standard. Certain 
local conditions must always be met (see Ordering Valves). Only on large 
works and for special conditions are valves designed by the engineer. For 
New York City standards, see E, N.^ May 27, 1915, p. 1016. The designing 
engineer, particularly on pumping-station or filter-plant work, will find 
catalogs of valve companies indispensable for working dimensions. 

Ordering Valves. Laying lengths of valves of the dilTerent makers vary 
considerably; keep this in mind when ordering for a restricted space. When 
ordering valves or taking bids specify: (a) Ends to be double-hub, double- 
spigot, double-flange, a combination of these, or universal. J (Some makers 
consider a double-flange valve in the larger sizes as special and charge a higher 
price.) (b) If flanged, is drilling standard? If not, give particulars, (c) 
By-pass omitted? (d) Diameter, (e) Purpose: water, steam, gas, etc. (/) 
Materials: all iron, all bronze, bronze mounted, (g) Is valve axis to be verti- 
cal, horizontal, or inclined? (//) Rising or stationary s]iindle? (i) Direction 
of operation clockwise or reverse? (j) If hand-operated, hand wheel or key to 
be used? (Jc) If hydraulically operated, state operating pressure. (1) If 
electrically operated, state kind, voltage, frequency, and phase of current, 
(m) Test pressure, (n) Painting, (o) Double disk, single disk, or wedge. 
(p) If geared, spur, or beveled? Valves with a quarter bend on one end; 
termed angle valves, are a convenience in a restricted space. 

Solid-gate vs. Double-disk Valve. Former is Boston standard; latter 
may be termed the commercial type. Bostoid continued its standard for the 
following reasons: 67 years of experience had developed no convincing reason 
for discarding it; no inherent weakness or objectionable characteristics have 
been observed; it has met requirements satisfactorily. When a double- 
disk valve is used for throttling, vibrations injure it. Ruggedness of solid 
gate withstands throttling stresses; alterations can prevent chattering. 
Makers of solid-gate valves include Jenkin Bros., and Kennedy Valve Co. 

* standard valves are made by many firms, including Chapman Valve Mfg. Co., Indian Orchard, 
Mass.; Coffin Valve Co., Boston, Mass.; Coldwell- Wilcox Co., Newburgh, N. Y.; Crane Co, , 
Chicago; Flowere-Stephens Mfg. Co., Detroit, Mich.; Eddy Valve Co., Waterford, N. Y.: Kennedy 
Valve Mfg. Co., Elmira, N. Y.; Ludlow Valve Mfg. Co., Troy, N. Y.; Michigan Valve « Foundry 
Co., Detroit; Rensselaer Mfg. Co., Troy, N. Y.; A. P, Smith, East Orange, N. J.; R. D. Wood A Co., 
Philadelphia; Iowa Valve Co., Oskaloosa la.; Darling Valve & Mfg. Co., Williamsport, Pa. 

t Specifications for both furnishing and installing all types of water valves issued by A$tin. 
Factory Mutual Fire Ins. Cos., Boston, 1921. 

t Whatever the kind of ends, make sure they will fit the pipes, specials, or other valves With 
which they are to be connecttba. 


436 



VALVES, SLUICE GA TE8, AND HYDRANTS 437 

Valve stem is the most important part of a valve. It operates in both 
tension and compression. The greatest strain is in wedging the gate to the 
seat. Strength and non-corrodibility are essential. Brass and rolled bronze 
are generally used (see Chap. 36). B: W. S., New York' specified manganese 
bronze. See Conard, J, N, E, W. W. .4., Vol. 36, 1922, p. 35. 

Circular Sluice Gates and Gate Valves. Areas of Openings. If the 
distance a gate or valve has been moved from its seat be known, by indicator or 
measurement on stem, Table 124 will give the area 
of opening; or if a gate or valve be opened at 
uniform speed and total time required to open 
wide be known, the area of opening at any instant, 
or any proportion of total time, will be given. 

Units, ft. and sq. ft. D = diam. and a = area of 
port of gate or throat of valve. H — distance 
from bottom of gate or plug to invert of pipe. 

A = area of opening (Fig. 187). 

In using these tables to compute discharge through gate valves or circular 
sluice gates, it must be borne in mind that almost as soon as the valve or gate is 
started from its scat, there will be a space all around through which water can 
flow in increasing quantity as the valve or gate moves, before there is any 
waterway area of the form shown in Fig. 187. Likewise, the stem must 
make a certain number of turns, or it and the valve plug or gate must move 
a distance somewhat greater than seat facing on valve or gate before U begins 
to have a value. 



Fig. 187. 


Table 123. Valve vs. Pipe Sizes 


liocation 

Pipe size, 
inches 

\'alve size, 
inches 

• 

Brooklyn 

72 

72 

144 

48 

48 

42 

30 

42 to 48 

30 to 36 

20 to 24 

60 

48 

48 

66 

36 

36 and 30 
30 

20 

36 

i 24 

16 

48 

■ 

Jersey City 

City Tunnel, Catskill Aqueduct 

Brooklyn 

Bayonne 

^ringfield, Mass 

Coolgardie 

Chicago®^ 

Cleyeland filters 



*LaIly has demonstrated the small hydraulic losses involved. * 


Selecting Size of Valve. Funds and operating time can be wasted by 
selecting needlessly large valves. There is an increasing tendency to use 
valves of smaller sizes than the mains,* with increasers and reducers on all 
sizes above 16-in.® On 48-in. lines in Boston, 36-in. valves were used.® New 
York now uses but six sizes: 


Pipe, inches 6 8 12 & 16 20, 24, 30 36 & 48 Above 48 

Valve inches 6 8 12 20 36 48 


For designs and specifications, see E. N,, May 27, 1916, p. 1016. Number of 
valves and repair parts necessarily kept in stock is much reduced. By umng 
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smaller valves in larger pipes, shut-offs can be more quickly made and less 
room is occupied. Other examples of practice are given in Table 123. 

Table 124. Areas of Openings of Circular Gate Valves and Sluice Gates 


Time 
or H/D 
ratio 

— 

A 

a 

Valve Siae 

60 in. 

48 in. 

36 in. 

24 in. 

20 in. 

16 in. 

12 in. 

Actual areas, A, sq. ft. 

0.05 

0.063 

1.236 

0.791 

0.445 

0.197 

0.137 

0.088 

0.049 

0.10 

0.127 

2.493 

1.595 

0.897 

0.399 

0.277 

0.177 

0.099 

0. 16 

0.190 

3.729 

2.387 

1.343 

0.596 

0.414 

0.265 

0.149 

0.20 

0.253 

4.986 

3.191 

1.795 

0.798 

0.554 

0.354 

0.199 

0.25 

0.315 

6.203 

3.970 

2.233 

0.992 

0.689 

0..441 

0.248 

0.30 

0.376 

7.572 

4.737 

2.664 

1.184 

0.822 

0.526 

0.296, 

0.35 

0.436 

8.578 

5.491 

3.088 

1.372 

0.953 

0.610 

0.343 

0.40 

0.495 

9.756 

6.245 

3.513 

1.561 

1.084 

0.693 

0.390 

0.45 

0.553 

10.875 

6.961 

3.915 

1.740 

1.208 

0.773 

0.436 

0.50 

0.610 

11.974 

7.665 

4.311 

1.916 

1.330 

0.851 

0.479 

0.65 

0.663 

13.034 

8.343 

4.693 

2.086 

1.448 

0.927 

0.621 

0.60 

0.715 

14.074 

9.009 

5.068 

2.252 

1.564 

1.001 

0.563 

0.65 

0.765 

15.036 

9.625 

5.414 

2.406 

1.671 

1.069 

0.601 

0.70 

0.811 

15.959 

10 216 

5.746 

2.554 

1.773 

1.135 

0.638 

0.75 

0.855 

16.842 

10.781 

6.064 

2.695 

1.871 

1.197 

0.673 

0.80 

0.895 

17.588 

11.259 

6.333 

2.814 

1.954 

1.251 

0.703 

0.85 

0.932 

18.334 

11.736 

6.602 

2.934 

2.037 

1.304 

0.733 

0.90 

0.962 

18.923 

12.113 

6.814 

3.028 

2.103 

1.345 

0.757 

0,95 

0.987 

19.394 

12.415 

6.983 

3.103 

2.155 

1.379 ' 

0.776 

l.OQ 

1.000 

19.634 

12.566 

7.068 

3.141 i 

2.181 

1.396 

0.785 


Table 126. Areas of Openings of Circular Gate Valves, Sq. Ft. 

(Function of Turns of Valve Stem) 

Supposing a valv(3 to be raised at a uniform rate })y^ turning the stem at a 
uniform speed, this table shows the size of the gate opening at any time; also the 
number of revolutions required to produce the area, based on the number of 
turns necessary to effect a complete opening. 









Table 12B. . Areas of Openings of Circular Gate Valves . — (Continitidy 



Table 126. Areas of Openings of Circular Gate Valves. — {Conclvded) 



Ref. 

Valve 

Pressure 

Gearing 

a 

Double gate 

Light 

None 

h 

Double gate 

Light 

^ur 

Hevel 

None 

e 

d 

Double gate 

Double gate 

Light 

Medium 

• 

Double gate 

Medium 

Spur 

f 

Double gate 

Medium 

Bevel 

i 

i 

Double gate 
. Double gate 

Double gate 

Heavy 

Heavy 

Heavy 

None 

Spur 

Bevel 

{ 

1 

Doiible gate, double stem 

Double gate, double stem 

Double gate, outside screw dc yoke 

Heavy 

Heavy 

Heavy 

Spur 

Bevel 

None 

m 

Double gate 

Extra heavy 

Kona 


Va|y« data are from catalog of Eensselaer Mfg. Co., Troy, N. Y. 
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Stresses in Valve Disks*^ The following formulas apply to any segment 
of a sphere, being especially applicable to gate-valve disks of that form: Let 
T = radius of segment, in in.; = versed sine or middle ordinate, in in.; p « 
hydrostatic pressure, lb. per sq. in., normal to the surface, acting radially 
toward the center. Stress at any point in the disk = + v^) Av. 

Stress in flange = 4y. 

Location of valves in many systems are recorded only in memories of old 
employees. Maps should be prepared showing location, size, make, date 
set, repairs, and number of turns to open, for each valve, to facilitate emer- 
gency and other operations.^ Gate valves on conduits should be placed at 
points convenient of access; their chief purpose is to restrict waste of water 
and damage to property when the pipe line is emptied or breaks occur (see 
p. 398). Many large conduits have no control valves. On distribution 
systems, valves should be so located that sections can be cut off with minimum 
inconvenience to consumers and fire risk; in high>value districts, not to exceed 
600 ft.; in other districts, 900 ft. 36 For Pawtucket practice, see B. N.y 
May 6, 1915, p. 892. 

Valve Boxes and Vaults. Valve boxes are cheap and easy to duplicate, 
but they do not protect the gears from dirt and ground waters as well as a 
vault. Vaults also allow access for lubrication, repairs, and replacements. 
On large lines it is generally necessary to place the valve horizontally and 
then the vault covers only the gearing, a box being used on the by-pass. 
For Salt Lake City standards, see E. A\, July 13, 1916, p. 60. Vaults for 
small valves, 2 by 3 ft. inside, cost $30 to $40 in Philadelphia. They are of 
precast reinforced concrete oval rings, the bottom course being split to strad- 
dle the pipe.* Concrete slab manhole containing cast-iron frame and cover 
is used on top.6 In cold climates, shallow vaults should be filled with straw 
in winter. 


MAINTENANCE AND OPERATION OF GATE VALVES 

Care of Gate Valves and Hydrants. Neither valves nor hydrants of a 
public water system should be operated by others than employees of water 
and fire departments, or persons made definitely responsible. Valves and 
hydrants not frequently used should be inspected and ox)erated periodically 
and all should be lubricated, painted, and rei)acked as found necessary. In 
localities having severe winters, freezing must be prevented. Packing with 
fresh horse manure is one effective way. If a hydrant is in wet ground, 
after each use, the drip should be plugged and water pumped out. A piece 
of lead on a string, guided by a loop of wire, pushed in through a hydrant 
nozzle, may be used to sound for ice in the barrel. If ice be found, it should 
be' thawed with hot water. A few lumps of quicklime may be used instead, 
adding a little cold water, if necessary. A half-hour or so later the hydrant 
should be opened and the lime flushed out. Any water found standing in a 
hydrant barrel should be pumped out. Some superintendents put salt into 
troublesome hydrants during the winter to prevent freezing, others prefer 
a pint or a quart of wood alcohol, and some use a little crude glycerine. With a 
slow leak, the alcohol may rise to the top of the hydrant and the water beneath 

* For Bf^timore standards, N‘. R., Sept. 2, 1926, p. 374. 
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freeze solid. Furthermore, alcohol evaporates but glycerine does not. If an 
alcohol-and-water mixture freezes, the ice is mushy and does not prevent 
operation nor cause breakage by expansion. It is claimed salt has no effect 
on the brass or rubber. It has been found that a hydrant connection, thawed 
by forcing steam into the ground around it, will not freeze again the same 
winter. Valves will get closed accidentally when they should be open, or 
vice versa, usually through ignorance or carelessness; this must be guarded 
against. See /. V. E. w\ W. A., Vol. 28, 1914, p. 298. 

Valve Insertion by Machine. Such machines arc made by A. P. Smith 
Mfg. Co., and others. Two 20-in valves were inserted in a 20-in main under 
pressure at Springfield, Mass. See E, O'., Aug. 4, 1915, p. 98. 

Lubrication. Operation twice a day of a 4S-in. valve on a feeder line in 
New York City was greatly facilitated by installation of an oil cup. W. W. 
Brush® and C. E. Davis® complain that on large valves no provision is made 
for lubrication. Ludlow and some other geared valves are equipped with 
grease covers. 

Packing for Stuffing Boxes. Italian hemp well soaked in a mixture of 
paraffin, vaseline, and a little lubricating graphite is durable, and does not 
corrode the valve i)arts. Organic fats should be avoided. Several makes 
of braided-\yire and sectional ])acking are on the market; some of them are 
excellent. Lead wool has been used. Some superintendents repacjk all new 
valves on receipt. Lubrication of i)acking l)y tallow and graphite proved 
successful at Syracuse. 

Gaskets. On penstocks. Hydraulic; Power Comm.i* found round gutta- 
|)ercha gasket the most satisfactory. Pla(‘ed in a groove in the flange, and 
held by rubber cement, it has withstood heads of 2100 ft. See p. 392. 

Pressure in an Isolated Section. Ledoux^2 found that when a section 
under 105 lb. pressun^ was isolated by closing valves at either end and there 
was no flow in the section, a gage registered a ]:)ressuro between the valves 
about 15 lb. less than anticipated from the head, due to the fact that the line 
was not absolutely tight. 

Valve Chattering.* On Yakima project, IJ. S. Reclamation Service,^® a 
standard Crane Co. 18-in. gate valve, installed in horizontal position, suffered 
breakage of tongue due to violent vibratory shocks caused by velocities of 
over 60 ft. X)er sec. On a similar valve on same jmqect, care was taken in 
placing and ox^erating ; 3 "et tremendous vibrations occurred when the valve 
opening was between |- and -J- diam. An elbow below the valve was pierced 
with a 1-in. hole to admit air to valve chamber; this reduced the vibrations 
somewhat. 

Valve throttling is often x^racticed when head must be killed, as on reservoir 
outlets. Solid-disk valves should be used in such situations. Ordinary valves 
should not be used, especially where tightness is desired when the valve is 
closed. Throttling a 36-iii. valve for several hours each day for 9. years so 
as to create 15 or 20 ft. higher head (120 to 135 ft.) through another line had 
the following results: That x>art of the stem corresponding to one-fourth to 
one-sixth opening of the gate had its threads worn to a feather edge, so that 
it 8lipx)ed through the nut ; the seat of the valve was fluted to a maximum depth 

♦ See Savage, “High-pressure Reservoir Outlets,” U. S. Reclamation Service, 1923. 
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of in., presenting a rough sandy surface, as if particles of bronze had beeii 
removed along the lines of crystallization. The quantity of water delivered 
by throttling was probably 30 mgd.; velocity for full opening was 6.6 ft. per 
sec., approximately 25 ft. for one-fifth opening. The bronze used was prob- 
ably so-called phosphor bronze, having a tensile, strength of 30,000 to 40,0QO 
lb. per sq. in. 

Gate Valves. Power to Open. Information about power required to ‘ 
open large gate valves under high pressures is meager. Following data arc 
reported to have been obtained with care: A pair of 4S-in. gate valves with 
solid wedge-shaped plugs with bronze face rings; Babbitt metal seats in valve 
body; S^-in. bronze stems; 30-in. bronze-lined hydraulic cylinders, bolted to 
3 1-in .-high distance or s{)acing castings, which in turn were bolted to the valve 
domes; pistons fitted with two cup-lcath(*r packings. Spindles passed through 
stuffing boxes on tops of domes and on bottoms of cylinders. Bronze indi- 
cator or tail rods from tops of pistons passed througli stuffing boxes on tops 
of cylinders (top and bottom refer to valve when in upright position). 
Valves tested w^re installed in short 48-in. pipe lines, with axes of valves and 
cylinders inclined about 20*^ below' a horizontal line. Valve A : Pressure 
per sq. in. on valve when closed, /‘.c., pressure in 48-in. pipe on upstream side, 
41 lb. ; on dowmstream side about 2 lb. 


Opening of valve, \ 0 

in. I (start) 

Pressure in evlinder, 
lb. per sq. in, 

■ Opening, in. 

Pressure in cylinder, 
lb. per sq. in. 


3 6 

12 

15 IS 

24 

Vtdve being 

60 61 

50 43.5 34.5 

21 

01)0110(1 

24 18 

15 

9 3 

Fiiuil 

Valve being 

18.5 23 31 

40 50 

115 

closed 


On repeated closing trials, final ])ressure ranged dowui to 70 lb. At 24-in 
opening, loud roaring was notit^ed, but no severe vibration. 

Fa/i;e B: Upstream pressure, 12.6 lb.: dowuistreain 2 ± lb. 


Bejno Opkned Beincs Ceobed 

Opening of valve, 0 3 6 9 9+ 6 3 FiiuU 

m. 

Pressure in cylinders, j,. ^0 

lb. per sq. in. 


Pressure in 30-in. Direct-connected Hydraulic Cylinder Required to Open 60-in. 
Solid-wedge Gate Valve under Pressure 


Pressure to seat 
valv^, lbs. per sq. in. 

PreBsurd on back of valve 
plug, lbs. per sq. in. 

Starting pressure in cylin- 
clcr, lbs. per sq. in. 

Coefficient of friction 

35 

52 

15 

0.22 

35 

49 

15 

0.216 

60 

50 

17 

0.24 


Valve operation may be by hand, by electrical or water motors, by hydrau- 
lic cylinders. Hand operation is slow and expensive; il00 to 300 turns and 
about 45 min. time ai© needed to open a 48-in. valve. Hand operation in % 
plant involves some soiit of floor stand equipped with a hand wheel or c^ankj in 
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the street/ a key operating through a valve-stem box is used* Both methods 
are primitive compared to electrical or hydraulic operation. Valves 
must be closed slowly, and the necessity for this precaution increases with 
diameters. Otherwise sudden arresting of the momentum of the water* will 
create great pressure against the pipes in all directioris, and throughout the 
length behind the gate. Unless operated by motor or hydraulic cylinder, 
valves usually operate much more slowly than is required on this account. 
It is sometimes desirable in small waterworks to have valves at remote reser- 
voirs or tanks controllable from the superintendent’s office or the pumping 
station. For long distances electric motors are the best means of operation; 
for shorter distances, hydraulic cylinders are also possible. For long dis- 
tances electric transmission wires have numerous advantages over hydraulic 
pressure pipe. Valves thus operated from a distant point should have devices 
for showing, at the point of operation, the state of opening of each valve 
(see p. 437). Distance operation is important in filter plants, where groups 
of valves must be operated several times a day by one operator. Valves in 
a filter plant are under low head, so the lightest pressure valves are used. 

Electrical Operation. Motor operation has proved satisfactory and* is 
much more rapid than hand operation. Its most important application is to 
closing valves in case of pipe breaks, to restrict flooding. Electrical operation 
applied to the discharge valve of a centrifugal pump gives additional pro- 
tection in case the check valve fails, f The electric motor is now adaptable to 
any and every possible use; it can be made watertight, and to work submerged 
or exposed to snow and ico.J Covered cable can belaid without additional 
protection in open trench or submerged. With large gates and valves in 
some situations the time required for hand work would be greater than emer- 
gencies would allow. In old-type installations, it was found necessary in 
some places to have a*man at the switchboard when a valve is nearly seated, 
as a precaution against overseating and buckling of stem. Tins failure of 
motors to cut off when valves are seated was caused by the contacts connected 
with the automatic shut-offs or limit switches; if these contacts were set so 
that an opening valve cut off correctly, it was impracticable to set them so 
that a closing valve also shut off correctly. It was a common error to provide 
motors of insufficient power to start the valves after they had been closed a 
long time. Valves require more power to move them, generally, as they 
grow older. . 

Power-operating devices of Dean,§ Cory,|l Kelty^ and other** types can 
be attached to existing valves without a shutdown. Most valve companies, 
notably Chapman, Rensselaer, Kennedy, Ludlow, can equip new valves with 
electrical equipment. The claims for the Dean^^ equipment are: (1) single 
unit system; (2) attachable to existing valves without shutdown and with 
minimum effort; (3) positive in operation, with no reliance on momentum; (4) 
ample seating and unseating torque; (5) enclosed and waterproof. Payne 
Dean (New York) also makes an auto truck equipped for operating valves. 

• For water hammer, see p. 781. . . 

I At Detroit filters-check valves have been superseded by electrically-operated valves. 

On account of the excessive dampness, hydraulic valves are generally preferred in filter gauerles. 
Cutler-Hammer Co., Rochester. 

Chas. Cory & Son, Inc., New York. 

Coffin Valve Co. * 

Crane Co. equips its valves with a device utilising momentum to reduce the starting 
Ceiiwfal Electric Co, has recently developed a device. 
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For Buffalo experience in fitting Payne Dean apparatus to old valves, see 
E, N. R.f Feb. 2, 1922, p. 186. Payne Dean is not the least costly type. 

Hydraiilicafly operated valves may be moved either by water motor or by 
piston displacement in a hydraulic cylinder. Many valves of the Board of 
Water Supply were of the motor type; distance control is not feasible. The 
drawback to hydraulic operation is the liability to failure due to freezing. 



Fig. 188 . — Hydraulic cylinder for largo gate valves. 
(Catskill Aquf'duct.) 


Existing valves cannot be converted to hydraulic operation. Automatic 
control may be fitted to cylinder valves. Hydraulic cylinders have to be 
ordered specially in accordance with the operating conditions to be met. 
Hydraulic operation was preferable until numerous difficulties with early 
electrical equipment were overcome. 

Hydraulic-lift Valves. Liquids in Cylinder, Investigation has shown 
some form of mineral oil having a low cold test preferable to any mixture pi 
glycerine or alcohol and water, or any brines used in refrigerating work> as 
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former do not remain stable in composition, and latter rapidly corrode metal. 
At Spot Pond gate house, Boston, ordinary ice-machine oil (zero cold test 
paraffin oil, Standard Oil Co.) is used. This begins to solidify at —2 or 
— 3®F.; it is not suitable for exposed positions, but has answered perfectly 
in gate houses, where temperature is kept above zero. For very severe expo- 
sures, such as hydraulic cylinders on the hoisting mechanism of Charlestown 
bridge, Boston, a preparation of Russian petroleum, ‘^HydroF’* (Davies, 
Rose & Co., Boston), has been satisfactory since 1900, being subjected to 
temperatures of — 10°F. or less. According to tests of Boston Bridge Dept., 
at -“24®F., this oil has consistence of lard. In addition to antifreezing quali- 
ties, it is a good lubricant, and will not corrode rnetal. Hydrols is pure hydro- 
carbon, colorless, tastless, odorless, non-oxidizable, neutral. Sp. gr. at 69© = 
0.865. Does not solidify at 0°F.; at “-5°F. it is viscid, slow flowing. Frank- 
fort arsenal tests of viscosity: 0°F., 125.6 sec. ; 75°F., 68.6 sec. ; lOO'^F., 42.4 sec. 
It is difficult to get oiltight joints on hydraulic cylinders. Rubber packing 
and all ordinary pipe-joint compounds are attacked by oil. Oil or shellac 
serves best for getting tight screwed joints ; X)aper or leather saturated with a 
mixture of glue and glycerine, for packing flanged work. 

Requirements for hydraulic cylinder oil are: (1) Absolute neutrality, to 
prevent deterioration of metal; (2) freedom from resins or gums, which might 
clog passages when solidified by oxidation; (3) ability to remain liquid at 0® 
F.; (4) sufficient body to be retained in cylinders without excessive protection 
against leakage, and at same time low enough viscosity to flow freely. No 
vegetable oils answer above requirements; they contain too much acid, and 
thicken and solidify at too high temperatures. Animal oils have about same 
objections. Mineral oils are best; many of these are in the market. U. S. 
Government specifications for ‘^Eydrolene,^’ a standard product of many 
refineries, used for recoil cylinders of large guns, recpiire: (1) neutrality at 
ordinary temperatures and at 150^F.; (2) freedom from ash and saponifiable 
oil; (3) no trace of decomposition at 200°F.; (4) sp. gr. of 0.835 to 0.87 at 
60°F. ; (5) cold-test point (where flow ceases) to be below 0°F. Viscosity 
(by Saybolt Standard Universal Viscosimeter, used by Standard Oil Co.), 
65 sec. plus or minus 10 sec. at 70°F., and preferably to vary as little as 
practicable from this between limits of 30 and 100°F., but not to be greater 
than 145 sec. at 30°F., nor less than 43 sec. at 100°F, (Viscosity is generally 
determined by time required for a given amount to flow through a standard 
orifice, as compared to water, sperm oil, or rapeseed oil.) Hydrolene will 
‘expand through heating. It will not freeze at —15°. It discolors steel of 
guns after 12 months’ contact, but the metal is not otherwise attacked. 

Leakage in Hydraulic Cylinders, Tests at Coffin Valve Co. on 52-in. 
hydraulic cylinders for 6()-in. gate valves, Catskill aqueduct (see Fig. 188) for 
leakage past the piston rings, consisted in placing a cylinder horizontal with 
the upper head removed; pressure was put behind the piston, which was 
prevented from moving. Under pressure of 50 lb. per sq. in., leakage was 
0.72 gal. per min. ; 75 lb., 0.97 gal. ; 85 lb., 0.86 gal. Reduction of leakage with 
increase of pressure from 75 to 85 lb. appears to be due to pressure back of the 
rings forcing them out to make a tighter contact with the cylinder wall; 75 

• Gave satisfaction, but could not be obtained during the war (Tinkliam), > 
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per cent, of the leakage came from the split in the outer ring; no special effort 
had been made to have a tight joint here; the space between ^butting ends of 
the ring was 0.010 to 0.0105 in. Some refinement in the joint design might 
reduce the leakage 30 per cent. That the pi'ston rings were distended under 
pressure was shown by introducing a 0.004-in. feeler for an arc 6 in. long oppo- 
site the split, when under no pressure; under pressure the feeler could be pushed 
in only \ in. (width of ring, 1 in.) (see detail, Fig. 188). 

Friction in Hydraulic Cylinder, Tests were also irnide to find pressure to 
start the piston alone (no pressure on the plug)* The cylinder was placed 
horizontally and the head of w^ater measured in an atta(4icd standpipe; 3-ft. 
head moved the xnston; 950-lb. pressure moved an unbalanced load of 3500 
lb., giving a coefficient of starting friction of 0.27. The piston (spring) rings 
were designed to exert 4 lb. ])ressure per sq. in. of cylinder walls. The test 
proved this. On such a basis, the total pressure necessary to move the piston 
would be 352 lb., or a unit pressure of 0.17 lb. per sq. in. over the area of the 
piston. 

AIR VALVES* 


Use on Pipe Lines. Some form of air vent is desirable on long cast-iron 
and masonry conduits and is necessary to the safety and successful operation 
of pij)e lines of wood and steel. Air becomes entrained 
in the water and accumulates at summits and abrupt 
changes of grade; and sometimes at horizontal bends in 
a level i)ipe with minor depressions to avoid sewers. 
Air pockets have stopped flow as effectively as valves.'® 
Borden'® observed that accumulations are greatest at 
summits nearest hydraulic grade line, arc greater in 
summer than in winter, in pumping lines than in gravity 
lines, and at summits nearer th6 reservoir. To relieve 
these accumulations, pressure’^ or float air valves 
are employed. On some early lines, manually operated 
valves were used. The 30-iri. conduit for Syracuse, 
N. Y., is patrolled every 48 hr., at which times the 
4-in. valves are manually oi^encd for expulsion or air. 
Steel and wooden pipe lines, to facilitate passage of air 
to relieve unbalanced pressure tending to rupture the 
pipe when, being filled or emptied, require ‘^air and 
vacuum (also called automatic poppet^’) valves,^ 
placed near summits, and sometimes combined with the 
float air valves. The importance of air and vacuum 
valves was shown in the failure of the steel pipe at Portland, Ore. (1911) 
under test (see p. 312). Air valves help to render a steel pipe foolproof.” 
Better too many than too few, as thousands of dollars^ worth of property are 
protected by them.'^ Cast-iron lines are equipped with float air valvesy 
but no air and vacuum valves. 

Design* Sizes and locations can be determined only by computations, 
a study of the profile, and investigation of existing conduits.f Hydraulic 



Fig. 


189. — Eddy air 
valves. 







Pow€f Comm.i^ recommends that air flow be calculated on basis of half the 
difference of pressure that the pipe can safely withstand without collapse* 

/A* 

According to tests by Carman and Carr, this difference « 50,200,000 


" where t = plate thickness, in.* and d = pipe diam., in. Hazen^s rule ('' Ameri- 
can Civil Engineers^ Handbook ”)t is 1 sq. in. of area for each ft. diam.,of pipe; 
also area of pipe. In East Jersey Water System, early steel pipes were 
so proportioned that a break at the most dangerous point could at no time or 
place cause more than ^ atmosphere or vacuum inside the pipe. This resulted 
in an average of 38 sq. in. of air valve area on each 1000 ft. of line.i® 

Air-valve vaults are generally provided to give access for inspection. In 
, city streets, where the pipe is in shallow trench, conditions often require 
tapping on the horizontal diam. for air-and-vacuum valve. Between air 



valve and pipe, place a gate valve. A vent sliould connect air valve to the 
outer air. As an air valve on liorizontal center lijie cannot remedy air 
accumulations at the top of the jape, these must be controlled by a pressure 
valve tapped into the top of the pii>e. In sliallow vaults, there is liability to 
freeze; in northern New Jersey the vaults are filled with straw during the 
winter and cleared out each spring. 

Air Valves Blown Shut. In purchasing aiir and vacuum valves investigate 
their capacity to pass air through at great velocity. Some valves can be blown 
shut with very little air pressure because the floats are so arranged that the 
escaping air from the main strikes them underneath, defeating the purpose. 
Floats and balls should be hard rubber, like meter disks. Figure 189 shows 
three types of air valves. 

Negative-pressure air valvesj can be operated by increasing the water 
pressure (by partial closing of any gate downstream), and thus air cap be 
released before it has accumulated in the quantities required to operate ah 
automatic ajir valve, and. which, during its accumulation, constitutes ah 

♦ Cold-^drawn seamless steel tubes. 

t Fourth edition (Wiley, 1920), p. 

2 Wuter Works Equipment Co. 
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impediment to flow. Negative-pressure valves are an advantage over the 
manually operated in that a valve throttled several miles away will cause them 
to open; time and money are saved. 



p, Pressure lb. per sq.m, above Ainiosphere,<l 
Fio, 101. — Discharge of air valves. 

PRESSURE-REGULATING VALVES 

Pressure Regulation. The problem of satisfactory pressures is often 
complicated by topographical conditions; efficient fire xiressurc on high lands 
giving excessive domestic pressure in low lands. One solution is separate mains 
and a pumping station for each district; another is the use of pressure regula- 
tors. If a town is supplied from a source so higli tliat direct pressure would be 
injurious to mains and services, pressure-regulating a])])aratus may be inserted 
in the supply main, or preferably on a by-pass, valved at either end, to provide 
proper domestic pressure. Such appliances arc also used on old weakened 
mains to reduce high pressure to a safe xiressure. 

Pressure regulators,* to give satisfactory service, should be of simple 
design containing few parts and no delicate mechanism; should be strong, 
durable, and reliable; all parts liable to rust should be made of non-corrodible 
material. Regulators should not close suddenly enough to cause water-ram in 
the pipe lines. Troubles are sometimes experienced from water-hammer, as 

U. Mueller MIg. tJo.* JNCW I orn T»ai/cr» yjowmor v^o., J50»i-on, iviass. \uoaut3 v 

plex Vaive i Meter Co., Philadelphia, Fa.; and Mason Regulator Co., Boston, Maas. 




YALVEs/SLVtCE GATES, AND HYDRANTS ' 449 

at Barre, Vt., where a head was reduced from 272 to 3 ft. 32 The apparatus 
should be operated entirely from the low-pressure side to avoid the effects of 
pressure fluctuations upstream. Valves too sensitively balanced operate 
under every pressure, fluctuation and get considerable wear; ordinarily, opera- 
tion under a pressure change of 2 to 4 lb. gives satisfactory service. In 
gritty water, a sand catcher just above a regulator chamber diminishes wear. 
Pressure-regulating valves cannot be used where the flow alternates in direc- 
tion, as in a reservoir supply pipe which also serves as discharge. 30 Pressure 
regulators open wide in case of a break in the main being supplied and let 
water through, since their purpose is to maintain pressure on the downstream 
side. 

Like other automatic devices, pressure regulators need some attention, if 
they are to be kept in good condition; therefore, they should be inspected at 



suitable intervals by a competent mechanic. In a large system some regula- 
tors will have much harder service than others and should have more frequent 
attention. Foster tyjie of regulators were used on some New York City 
work with good results. Chambers should afford room for remov'ing stem. 

Choice and Location. If pressure regulators of very much too large 
capacity arc installed, they are likely to be unsatisfactory, because of working 
so near the closed position and with such small movements. Multiple connec- 
tions of small regulators (a battery) rather than one large regulator are some- 
times advocated. A pressure regulator should always be located on a by-pass 
so that it can be cut out for repairs. Never place regulators at summits, as 
the entrained air may interfere with their operation. 

Ross Pressure-regulating Valve (Fig. 192). A stem carries the pistons 
E and F, and disk valve (j, which seats by an upward movement, on a leather 
collar. Areas of valve G and piston F are equal, preventing any tendency: 
of the piston to move up and down. The actual reducing of pressure is done 
by valves B and C, which act on the check-valve principle ; for instance, if the 
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desired outlet pressure is exceeded, the upward pressure under Valve (7 causes 
an increase of pressure in the controlling chamber; this closes or diminishes 
the flow through the regulator B and opens the relief valve C, allowing the 
pistons to rise and close the valve. When the outlet pressure falls, the pres- 
sure in the chamber is reduced, the regulating valve opens, and the relief valve 
closes, allowing the' pistons to fall, thus opening the valve and increasing the 
pressure on the delivery side. The pressure at which the valve will ppen and 
close is determined by the hand wheels on B and C. This valve has few mov- 
ing parts; no springs on the main valve; the seat, of the piston type, obviates 
chattering under irregular delivery when the valve is nearly closed; the valve 
is easily adjusted within its working limits, and has given satisfaction on the 
high-pressure fire service in New York and l^rooklyii, holding the pressure 
with great uniformity and requiring the minirnuiri of attention. The action 
of the valve is affected to a certain extent by the upstream j)ressure; should 
this fall much below the pressure for which the auxiliary valves are set, the 
main valve would either close or merely maintain reduced pressure on the 
downstream side; action is dependent on diaphragms and springs, introducing 
an element of maintenance and uncertainty, although experience shows but 
little trouble. The main valve scat and dash-pot ])lunger are leather or rubber 
packed; repacking necessitates cutting the valve out of service. In an 
installation of 20 regulators (6 to 10 in.) in an eastern city, leatlujrs last about 
2 years; with mild service, leathers last indefinitely. 

A Ross regulator at Passaic, N. J.,4i has operated continuously and 
satisfactorily since installation in 1908, according to Superintendent Cudde- 
back. This 10-in. regulator has passed a widely varying quantity (0 to 8 
mgd.) with upstream pressure of 100 lb. per sq. in., downstreain, 80 to 40 lb.,’ 
delivering from a 51- to a 30-in. main. Ross valves can operate when axis 
is 45® from vertical, but repacking is extremely difficult. 


Table 126. Dimensions and Weights of Ross Pressure Regulators 


Size, in. 

Fupe to fttco diriu'iisioji.s, in. 

Aiiproxirnate weight, lbs. 

2 

Gl 

50 

3 

8i 


4 

14 

250 

6 

. 17f 

450 

8 

23J 

GOO 

10 

24i 

850 

12 

30 

1250 

16 

37 

1850 

20 

41* 

3400 

24 

48 

4000 * 


Miscellaneous Types* Pressure-controlling valves close when the pressure 
attains an assigned limit, and stop the overflow of reservoirs. Pressure 
relief valves open automatically to ample area when the pressu|:e reaches aii 
assigned limit, and relieve the stress on the pipe line. Float valves* ara 
actuated a ball floating on the surface of the reservoir, which actuat^^^l 







valve when the water reaches an assigned level. The makers of pressure? 
regulating valves, mentioned on p, 448, in general, make these valves also. 
A Dean controlled valve can also be operated by a reservoir float. 



Fig. 193. — Anderson automatic (?ontroIling altitude valves.* 


OTHER VALVE FORMS 

Check Valves t fo|; Protecting Centrifugal Pumps. When a foot valve is 
used on suction pipe of a centrifugal pump pumping to great height, or dis- 
charging through a long pipe, severe strain is put on the pump every time it is. 



Fig. 194. — Coffin double-pivot flap valve. (See Table 128.) 

stopped, owing to ^'water-hammer,” caused by suddenly closing the foot 
valve; this is often large enough to crack shell of pump. This trouble can^ 
best be prevented by placing a check valvet immediately at the discharge 

Recent designs embody an improvement which enables all adjustments to be made on bhe 
'but. ' 

t For makers, see first foot-note, p. 436. ... « « ^ « 5 

I Omission of check valve may result m a wreck, when the power fails. See R. (7., Sept;, 1925 , 

I- . 
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flange of the pump. Large waterways must be provided through check valve. 
The Smolensky noiseless check valve,* the Golden- Anderson, double-cush- 
ioned, check valve, and others are designed to eliminate water-hammer. 



Fig. 195. — Foot valves and screens, and chock valves.38 


Table 127. Dimensions of Check Valves, Bronze Mountedas 

See Fig. 195 


Size, in. 

Hub 

Flange 

End to end, in. 

Laying lengtli , 
in. 

Diam., in. 

Face to face, in. 

3 

143 

83 

7i 

10 

4 

18i 

Ilf 

9 

12 

6 

19| 

113 

10 

13 

6 

23 

15 

11 

15 

8 

27 

19 

13^ 

18 

10 

285 

20i 

16 

20 

12 

34 

26 

19 , 

26 

14 

34 

26 I 

21 

27 

16 

38 

30 

! 23i 

30 

18 

39 

31 

25 

32 

20 

43 

35 

27-5 

36 

22 

48 

40 

295 

40 

24 

54 

46 

32 

44 

30 

08 

50 

38J i 

56 


Check valves for mill supplies were insistc'd on in old practice, to safeguard 
cross-connection to iiiunicdpal supilly from the lower-pressure auxiliary service 
to the mill, which was of inferior cjuality. Lack of tightness in these valves 
has in many instances led to contain ination of the domestic supply as at Frank- 
lin Furnace, N. J., in 1922. See p. 403. System of double-check valves with 
a gate valve upstream and downstream has been devised by Assoc. Factory 
Mutual Fire Ins. Co. (see J. A. W, W, A., Vol. 8, 1921, p. 222). If such con- 
nections must be tolerated, Saville prefers this system .22 In 1920, Hartford 
decreed that all connections between city supply and other sources be abol- 
ished, including those protected by double-check valves.23 The regulations of 
many State Departments of Health prohibit cross-connections (see Washing- 
ton (State) rules, E. N. R.y July 10, 1924, p. 62). 

* Smoknaky Valve Co., Cleveland, Ohio. 
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Table 128. Dimensions of Coffin Standard Single-pivot and Dotible-pivot 

Flap Valves 

See Fig. 194 


Spigot end 

Flange dimensions 

Size 

A 

B 

c 

" 1 

F 

0 

II 

T 

/ 

K 

4" 

6A" 

5A" 

4A" 

12" 

3*" 

lA" 

16 

9" 

74" 

4 

f" 

6" 

8i" 

7|" 

5 A" 

12" 

4" 

1" 

11" 

94" 

8 


8" 

lOV' 


6^" 

12" 

4" 

11" 

m/' 

11}" 

8 

pjf 

10" 

12J" 

12" 

7}" 

12" 

4J" 

ItV" 

16" 

14}" 

12 

}" 

12" 

15" 

14}" 

9" 

12" 

45" 

11" 

19" 

17" 

12 

}" 

14" 

1711" 

16t\" 

10}" 

12" 

5i" 

15" 

21" 

18-2" 

12 

1" 

16" 

laS" 

18-5" 

11 A" 

12" 

51" 

1 

23i" 

21}" 

16 

1" 

18" 

21 r 

20i" 

12-5" 

12" 

51" 

1 9 tt 
^ I'O 

25" 

222" 

16 

1" 

20" 

23 fl" 

2215" 

132" 

12" 

6" 

IM" 

274" 

25" 

20 

1" 

24" 

28" 

27" 

15f" 

12" 

61" 

1 Iff 

1 g 

32" 

294" 

20 

1" 

30" 

34t" 

335" 

192" 

14" 

61" 

21" 

382" 

36" 

28 

li" 

36" 

41 J" 

39|" 

23" 

14" 

71" 

25" 

46" 

42|" 

32 

11" 


Note .. — Dimensions A, B and C are same for all types. Dimensions F, G, and II arc same for 
single- and double-flange types. 


Cylindrical Gate Valves. Dam on Magalloway River, Maine, has 8-ft. 
uiidersluices terminating in vertical risers, openings of which are controlled by 
cylindrical ^gate valves, such as are used on certain tyi)es of turbines. With 
full opening, under 55-ft. head, the valves each discharge 2000 c.f .p.s. The fol- 
lowing advantages are claimed: quick manipulation; close regulation of dis- 
charge; operation by one man; maximum discharge area with minimum head 
permitting drawing reservoir to lowest practical level, at same time maintain- 
ing large discharge through gates; rugged construction. Partial tests show 
coefficient of discharge of 0.89.39 

Controllers for filter ])laTits, manufactured by Builders Iron Foundry, 
Simplex Valve and Master ('o., and others, are a combination of Venturi meter 
and butterfly valve, the waterway of which is controlled by the flow through the 
Venturi (sec p. 459) ; so that the rate of filtration is controlled. 

Needle valves are designed to offer less resistam^e to flow and to operate 
with less power, under the excessive head usual on reservoir outlets. Ensign* 
and Johnson t valves are the best known. 

The Johnson hydraulic valve^ introduced in 1910, is designed, mechanically 
as well as hydraulically, so that it can be built in sizes to which no other type of 
valve could be ai)plied. It (Fig. 196) consists, in general, of a circular body 
surrounding an internal cylinder, closed at one end and connected to the 
body by radial ribs, in which a ixnnted plunger or needle operates, making 
contact with a seat in the neck of the body to close the valve. The pressure 
used to move the plunger is the pipe-line pressure in the body of the valve 
itself. When space A is open to line pressure, and B is open to atmosphere, 
the valve closes ; reversing these pressures opens the valve. The flow through 
the valve at all positions of the plunger is smooth and free from disturbance. 
Friction losses are small. Johnson valves are in use and under construction in 
sizes up to 20 ft. in diam. Some larger valves operate under heads up to 1000 
ft.; some smaller valves have been tested under heads up to 3000 ft. There are 

* For design at Elephant Butte, see E. N., Feb. 22, 1917, p. 306, 

t Johnson valves used at O’Shaughnessy (Hetch-Hetchy) dam. Furnished by Wm. Cramiai & 
Sons, Ship & Engine Bldg. Co., Philadelphia. “ 
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no sliding contacts under pressure, as in other valves. The plunger in op^a- 
tion is unbalanced only enough to move it. The internal cylinder in which the 
plunger operates is made of cast iron for all pressures, as it is subject to com- 
pressive stress only. Only small sizes and valves which are seldom operated 
are protected with a full bronze lining. No matter how large the valve or 
how high the pressure, the valve is always tight when closed. The plunger 
has a renewable seat ring. The higher the pressure in the valve the higher the 
pressure of the plunger against the seat, but there is no rubbing of one seat on 
the other aiid hence there is no wear. Distortion, whic^li is a common cause of 
leakage in other valves, is entirely absent on account of circular shape. 



Reservoir outlets may be controlled by gate valves, sluice gates, needle 
valves, or other special forms. (See *'High Pressure Gates in Dams 
Reviewed, by D. W. Cole, E. N. 7^., Nov. 14, 1918, p. 880; '^Some Experiences 
with Large-capacity Reservoir Outlets,’^ by J. M. Gaylord, E. N, R,j Nov. 21, 
1918, p. 945; and also Chap. 0, p. 105. For sector gates and other spillway 
controls, see Chap. 6, p. 104. 

Quick-operating valves have a lever attached to the i^alve stem. They are 
used for blow-offs of reservoirs and elsewhere if sudden opening or closing is 
imperative. 

SLUICE GATES* 

Stock Sizes. Gates have not been standardized nor generally carried in 
stock. Makers, such as Coffin Valve Co., Boston; Chapman Valve Mfg. Co., 
Springfield, Mass.; Coldwcll-Wilcox Co., Newburgh, N. Y.; Michigan Valve 
Co., Detroit Mich.; and Hinman Hydraulic Mfg. Co., Denver, Colo,, have 
pattern^ for a wide variety of sizes of square, rectangular, and circular gates, 
ranging from 10- by 10-in. to 216- by 87-in., and up to 108-in. diam. designed to 
meet various conditions as to pressure, etc. For small works selection can 
usually be made from these stock patterns; for large works it is sometimes 
necessary or economical to modify existing designs or prci)are new ones. 
Rising stems should be used wherever practicable. Ball-bearing, roller- 
bearing, and other friction-reducing types of operating stands or hoists are 
obtainable, also electric and hydraulic motor drives and hydraulic’ lifting 
cylinders. On outlet of Black Canyon dam, sluice gates are placed in the pipe 
line, similar to a gate valve, 

Ordering. The same kind of information as for gate valves (p. 436) is 
needed. It is important to state exactly the working head, and whether 

* For sip^ey and othei* type# for spillways, see p. 104. \ 




pre^re tends to push gate away from the seat; for the latter conditiohj 
back-pressure gates are used. 

Shjear gates are a primitive type of sluice gate, having no guides. In 
practice, they should be avoided, if a backpressure is at all likely, as instances 
are known of backpressure causing objectionable leakage, and even twisting 
the shear gate so that it was useless. 

Narrow Sluice Gates for High Pressure. Large sluice gates under high 
heads should be made narrow in proportion to the height so as to secure a 


reasonable pressure per lin. in. on the seats. To save head 
room when open, a double-hung sluice gate was used at 
Sudbury dam. 25 

Power to Operate. Friction tests of bronze on bronze 
in some large gates for U. S. Reclamation Service26 gave 




Fio. 197. — Methods of nttiicliiiig sluiiu^ galas by Fkj. lOS. — ^‘Standard” slid- 
flangcs to wall castings, masonry and pipes. ing frost-case compression fire 

hydrant (A. P. 8mith Mfg. Co.) 


values of 0.38 to 0.44. Newell and Murphy42 use 0.25 in a sample 
calculation. 

Protection against frost, by housing and electric heating, was secured 
at Bassario dam^s by a complete system* of electric heating for the gates. 
Special precautions in the way of housing have been taken to assure that all 
the canal head sluices and two of the crest sluices shall be free from ice at 
all times. 

HYDRANTS 

. Standard specifications were adopted by the A. W. W. A., in 1913, and 
N. E. W. W. A., in 1914. These are so broad that patented hydrants of 
manufacturers generally meet them. Only for special work are detailed 
specifications required. 
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Designs. For list of makers of valves and hydrants, see footnote, p, 
436. Most large cities have their own designs; for Cincinnati standards, 
see E. N,j July 22, 1915, p. 153, and E, JV., Mar. 15, 1917, p. 425; Chicago 
standards, E. N. R.y May 9, 1918, p. 921. Hydrant tests in Chicago with 
standard makes indicated several defects in design, which were remedied in 
the city\s new standards.28 For high-pressure hydrants in which seawater 
may be used see J. N. E. W. W, A,y Vol. 36, 1922, p. 487 for Boston design, 
and E. R.y May 20, 1905, p. 583 for New York design. 

Hydrants may be designated by the number of 2^-in. hose outlets, for 
which they ai*e designed. (If a steamer conneetion is also provided, 
the hydrant would be designated, for example, “two-way and steamer 
connection/’) 


Table 129. Post Hydrant Bells. N. E. W. W. A. 


Nominal pipe 
diam., in. 

Classes 

Actual outside 
diam . of pipe 
spigot, m. 

Pipe sockets 

“a” 

"b” 

Diam., in. 

Depth, in. 

6 1 

1 All j 

1 7.10 

7.90 

3 . 00 

1 1 . 50 

1.40 

8 

j All 1 

9.30 

10.10 

3.50 

1.50 

1 1.50 


Table 130. Post Hydrant Flanges. N. E. W. W. A. 


Size of pipe, in. 

Diam. of flange, 
in. 

Flange thick- 
ness at edge, 
in. 

Diam. of bolt 
circle, in. 

Number of 
bolts 

Size of bolts, 
in. 

6 

1 11 

i 1 

9^ 

8 

i X 3 

8 

! vn 

11 

lU 

8 

1 X 31 


Whcro working pressure is from loO to 250 lb., the staiulurd for heavy flanges must be used; 
see p. 390. 


When ordering hydrants state kind wanted; size of r/alve opening; depth 
from surface of ground to bottom of connecting pipe; size of connecting pipe; 
whether screw, bell, or flange end; number and size of nozzles. Send a nozzle 
cap as gage for thread and nut, or give exact outside diam. and kind of nozzle 
threads,. also size and form of nut; state whether to open to right or left. 
Consult catalogs of manufacturers. 

Requirements, Board of Fire Underwriters. For spacing, see pp. 401 and 
457. Hydrants shall be inspected in spring and fall, after fire use in freezing 
weather, and daily during severe cold. Hydrants shall deliver 600 g^p.m. with 
a total loss of not more than 5 lb. between street main and outlet.* There 
shall be not less than two 2§-in. outlets, and also a large suction connection 
where engine service is necessary. Street connections shall be not less than 
6 in. and gated. 

Maintenance. Hydrant use for other than fire purposes should be subject 
to strict regulations. Typical instructions are those by George G. Earle 

for New Orleans.28 

To Parties Using Fire Hydrants: 

Your co-operation in seeing that the following rules for the use of fire hydrants 
are strictly complied with is earnestly requested: 

* Losb in a 5-in. hydrant was roeopured by Saville*^ gg scarcely anything when flowing 300 g.p<,tn., 
and varying along a nearly parabolic line to 22 lb, at 3000 g.p.m. Hydrant pitometors are made 
by Waterworks Equipment Co.t and others. 
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1. Open a fire hydrant slowly, arid steadily, and always enough to prevent any 
chattering of the main valve, even if more water is drawn than is required. 

2. If the fire hydrant is to be left open, with pressure available, for self-closing 
or other faucet, or valve, on its outlet, for intermittent use, open it slowly, until 
the hydrant is full open, then release th^ operating nut by one turn backwards. 
Where a hose bib or other connection is placed on hydrant, care must be used to 
see that rubber gaskets are placed under the nozzle caps. 

3. Close a fire hydrant very slowly, especially as the valve approaches its seat, 
until it comes firmly to its seat, and then release tension on valve and stem by one 
turn backwards of operating nut. 

4. After closing a fire hydrant, see tliat the caps are properly replaced over its 
outlets. 

5. Do not allow a fire hydrant to run for gutter flushing after the flow in the 
gutter becomes reasonably clear. 

6. Use no tools to operate a fire hydrant other than a close-fitting five-sided 
wrench furnished by the Sewerage and Water Board. If wrench becomes worn, so 
that it injures the operating nut, turn it in and obtain a new one in its place. 


Waterproof grai>hite grease applied to the valves and caps of fire hydrants 
forms a coating that cannot be washed off even by the rushing stream of water; 
it preserves the valves and cap from rust, and from sticking by freezing.^’ 
It will not gum or become rancid. 

Painting fire hydrants a distinguishing color, such as orange yellow, which 
is more conspicuous than the conventional red or green, aids the fire 

department. 34 

Frozen hydrants may be successfully cleared by steam, hot brine, calcium 
carbide, or alcohol, or b}^ building a fire about them.* Abuse of hydrants 
when used for flushing, etc. may be avoided by provision of Sprinkling and 
Flushing Hydrant,’’! which also eliminates the unsightly goosenecks from 
parks, etc. 

Hydrant practice, Terre Haute Water Co.:^^ (1) G-in. branches, with 6-in. 
valves, to cut out hydrant for repairs; (2) brick drain pits at hydrant base, 1 
cu. ft. capacity, and open at bottom for quick draining; (3) hydrants flushed in 
April and Sei)tember and inspected in late fall; (4) hydrants open by turning 
to left; (5) hydrant model available for instruction of firemen; (6) standard 
hydrants carried in stock; (7) defective hydrants re|;)orted to Fire Depart- 
ment; (8) after fire use, hydrant insjxjction. 

Hydrant connections to mains should’ be at least 5 in. and should be 
provided with a gate valve. Some manufacturers furnish this valve with 
the hydrant. 

Hydrant Spacing. { The Committee of the A. W. W. A. recommended 
smaller standard sizes of hydrants at frequent intervals, rather than large 
hydrants with numerous outlets at longer intervals. Hydrant spacing should 
be governed largely by character and value of the property protected. In 
thickly built mercantile and manufacturing sections, hydrants should be 
about 200 ft. apart, and not more than 500 or 600 ft. apart at the maximum, 
anywhere. In other words, it should be possible to concentrate a sufficient 

♦ Report of Comm., J. A. W. PT. A., Vol. 7, 1920, p. 751. 

t One type is made by H. Mueller Mfg. Co. 
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number of effective streams on a:ny building which may burn, and for this 
end lengths of hose should not be greater than 250 to 350 ft. 

Since the loss of head per 100 ft., when delivering 250 g.p.m. through 
2|-in. hose, is about 18 lb., and a nozzle pressure of 45 lb. is required, a hy- 
drant-flow pressure of 100 lb. will supply but 300 ft. of hose. Conard^o 
justifies spacing as close as 100 ft. in certain districts on basis of saving in 
cost of mains and purchase of hose lengths. Post hydrants should be about 
14 in. from curb so that passing vehicles will miss the nozzle. Vehicles 
damage 400 hydrants per year in New York city.43 

Substirface hydrants* are in favor in Australia and other warm regions 
wfiere snow never occurs to hide them.s* Insurance interests do not endorse 
them; they were in use in Indianapolis, New Bedford, and elsewhere and were 
found unsatisfactory, due to water-hammer, snow, and inud.35 In Boston 
they were an advantage on the narrow sidewalks in the narrow, crowded, 
old streets, as they offered no obstruction to traffic. 
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SERVICE METERS 

Advantages. The placing of recording meters at all strategic points on 
supply lines (pumping stations, reservoir outlets, connections to other munici- 
palities, etc.) is considered good practice. The merits are twofold: (a) The 
accounting department has a record of relative uses and can allocate costs 
accordingly; (&) consumers and the operating department can* use the records 
to locate excessive use and take steps to control it. The advantages of 
metering each customer's service are often obscured when a partisan press 
attempts to give a political status to the meter question. Metering should 
be considered an investment in the broad sense that it defers the expenditure 
of larger sums for waterworks enlargements. For statistics showing benefits 
of metering, see p. 468. 

Types.? For large conduits, flow may be gaged by various means. (Ven- 
turi meters are discussed below.) Where conditions are such that altering 
of line to- incorporate the tube is undesirable, a flow nozzle, t or an orifice 
platej (with recording device) may be inserted, or some form of recording 
pitot tubc§ utilized. Colorado Fuel & Iron Co. uses current meters, intro- 
duced through valved risers. New England Power Co. utilized a reducing 
bend as a Venturi meter, to avoid shutdown incidental to incorf)orating a * 
tube.* * 

Lea V-notch recording meter measures and records graphically flow of 
water over V-notches. It is actuated by a float in a chamber directly beneath 
the instrument; is applicable to measurement of boiler-feed water, discharge 
from condensers, pump discharges, streams, irrigation ditches, canals, acids, 
and other fluids, but has an inherent and unavoidable loss of head. ‘ Made, 
by Yarnall- Waring Co., Philadelphia. Advantages arct continuous measure- 
. ment; no mechanism in contact with water; same instrument used for measur- 
ing large or small quantities by using notch plates of various angles, or two 
or more 90° notches. Guaranteed by makers to be within 1| per cent, 
of absolute accuracy by weight; also that average error due to variations in 
temperature over range of 5p°F, will not exceed 0.5 per cent. 

VENTURI METERS 

Description. The Venturi meter consists of tube and registering instru- 
ment. The tube, incorporated in the pipe line, has two conical frustums (the 
upstream being ordinarily shorter) connected by a cylindrical throat piece. " 
Pressure piping from throat end upstream end of tube transmit pressures to 

♦ See also p. 463. 

t General Electric Co. 

' I Republic Flow Meters Co., Chicago. . .. 

iManogi‘ap^ are put out by Water Works Equipment Co., New York City; photo|litom«teri 
by «tpmeter Co., New York City. 
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a mercury column in the register. Readings depend solely on the relative 
pressures; there is no mechanism in path of flowing water, which is an ad van- 
tage. Tubes are made in stock sizes (see Table 131, p. 462), usually of cast 
iron. For special cases they may be reinforced concrete, wood, or other 
material. It is essential that interior of throat piece be non-corrodible. 
There are several kinds of instruments, some indicating differences of pressures 
at entrance and throat, others registering or recording the flow in various units; 
some combine indicator, register, and chart recorder. For determining the 
total quantity for the period covered by a dial chart, or any fraction of such 
period, the Builders Iron Foundry furnishes a special planiraeter. 


Res. Uvet 



Fig, 199. — llelation of length and din meter of Vent uri meter. 

Hydraulic principle is based upon the relation between A^elocity and 
pressure of fluids flowing through a continuous pipe of varying cross-sectional 
area. This principle was first stated in 1797 by J. li. \’enturi, an Italian 
philosopher, who had observed that fluids dis(*harging through an expanding 
nozzle exert a sucking action at tlie small diam. whicli (lirninishes as diarn. 
increases toward outlet. In 1887, Clemens Ilerschel, after elaborate experi- 
ments, adapted the principle to accurate measurement of fluids by means of 
the Venturi meter, now used for water, oil, steam, gas, sewage, and otlier 
fluids. .In jmssing from full section to throat, velocity ris gained at expense 
of pressure. Pressure at throat is thus less than at upstream entrance; water 
passing through a ta])eriiig tube has l:)een found by experiment to l)e nearly 
equal to the theoretical discharge from the throat opening at a velocity corre- 
sponding to difference of ])ressurc between throat and entrance. 



Fig. 200. 


Tube Proportions. The most advantageous divergence for the down- 
stream tube, and probably for any diverging tube, to obtain the best effect 
in developing Venturi action, is 1-in. increase in diarn. for each ll|-in. increase 
in length, equivalent to an angle at vertex of cone of a trifle more than 5° 5'. 
Reliable experiments indicate that throat diam. should, lie between 
one-third to one-half diam. of upstream end; for special requirements, this 
rate is sometimes increased to three-fourths. The range of throat velocities 
usually adopted is between 25 and 38 ft. per sec. Wherever a suflPicient ratio 
between diam. of upstream end and throat cannot be obtained in the ordinary 
sizes of pipe, the pipe may be increased in diam, for the approach to the meter 
(Fig. 200). 
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Birectioiis for Installing Venturi Meter Tubes.* The piping should have 
a pronounced up'or downgrade, and should contain no summits nor depressions 
where air or silt might collect; and a valve (or corporation cock), should be 
placed on each pressure pipe close to tube. If a summit or depression is 
absolutely unavoidable, a blow-oflf valve should be provided at such point. 
All joints must be perfectly tight. Piping and registers must be properly 
protected from frost. J. W. Ledoux^ advises use of a compensating device, 
such as an air chamber, to prevent overregistration on lines subject to pump 
.pulsations. 

At Chestnut Hill pumping stations, Metropolitan Waterworks, air chamber, 
shown in Fig. 201, inserted between meter and boiler-feed pump (single- 
acting, with 22 -in. plunger, 24 r.p.in.) “proved entirely successful in reducing 
pulsations due to pump so that accuracy of meter is not affected.^' Water in 



chamber is kept at level which (^xperimeuitation sliows givers Ixjst results. The 
Venturi meter is 2 in. in diam. with J-in. tliroat, with an average registra- 
tion of 29,000 gal. per 24 hr.^ 

Losses through a Venturi Meter. \"enturi meter tubes do not introduce 
appreciable friction. Usually the normal rate of discharge through the pipe 
line is about one-half the measuring capacity of the meter. At this rate 
increased friction due to the meter tube is^only | lb. per sq. in. Even when 
the meter is operated at its highest capacity, the friction amounts to only 1 
lb. per sq, in. A general rule for head lost seems to be 0.11 velocity head at 
throat. 

l2gih-hi). 

Discharge in cfs. = C — ^ ‘ 

\ d J 

in which d and h = diam. and piezometric head in feet, respectively, at 4 
(Fig. 199) ; d 2 and h 2 the same at B. C is a coefficient, generally taken at 0.96 
to 0.99. W. S. Pardoe^ presents analysis substantiated by tests, whereiby 
the coefficient may be calculated closely. 

* Builders Iron Foundry, Providence, R. I. 
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Table 131, Standiurd Venturi Meter Tubes*^ 
Capacities, Lengths, and Weights 


Inlet and 
outlet diam., 

Length * 
Ft. In. 

Measuring ca> 
pacity, thousand 
gal. per 24 hrs. 

\.pprox. 

weight, 

lbs 



1 

Min. 1 

Max. 



1 

lU 

4 

51 

50 : 

2 

1 

lOJ 

6 

73 



1 

7 

10 

130 



2 

4| 

7 

100 

85 i 

2h 

2 

3 

10 

130 


1 

Hi 

16 

203 



2 

11 

10 

130 

110 ' 

3 

2 

7i 

16 

203 



2 

4i 

23 

293 



4 

3i 

16 

293 

100 1 

4 

3 

lOJ 

26 

34.3 



3 

6 

40 

.520 



5 

li 

26 

343 

27.5 i 

5 

4 

8i 

40 

520 


4 

2 

63 

813 

1 


6 

11 

40 

520 

450 1 

6 

5 


03 

813 

1 

4 

10 

90 

1,170 

: 


7 

01 

70 

983 

700 ! 

8 

6 

Hi 

100 

1 ,373 

! 


6 

2 

100 

2,080 

1 


9 

4i 

100 

1.373 

1,100 

10 

8 

7 

160 

2,080 


7 

6 

250 

3,2.50 



11 

0 

100 

2,080 

l,.5r;0 i 

12 

9 

11 

250 

3,2.50 


8 

10 

360 

4,680 



12 

101 

203 

2,633 

2,200 1 

14 

11 

61 

331 

4,298 


10 

2 

490 

0,370 



14 

6J 

276 

3,583 

3,000 I 

16 

13 

U 

423 

5,493 



11 

6 

040 

8,320 



16 

. 1 

300 

4,080 

3,700 1 

18 

14 

51 

503 

7,313 



12 

10 

810 

10,530 



17 

HI 

423 

5,193 

4,7,50 1 

20 

16 

4 

040 

8,320 


14 

2 

1,000 

13,000 



19 

10 

490 

6,370 

5,700 

22 

17 

8 

810 

10„530 


16 

6 

1,210 

1.5,730 

. 


21 

2 

040 

8,320 

0,800 

24 

19 

0 

1,000 

13,000 


16 

10 

1,440 

18,720 



23 

Oi 

723 

9,393 

8,300 

, 26 

20 

4 

1,210 

15,730 


18 

2 

1,690 

21,970 



24 

11 

810 

10,530 

9,600 

28 

22 

21 

1,323 

17,193 


19 

6 

1,960 

25,480 



L 





Ijcngth* 
Ft. In. 

Measuring ca* 1 
pacity, thousand 
gal. pet 24 hrs. 



Min. 1 

Max. 

26 

3 

1,000 

13,000 

23 

0 

1,090 

21,970 

20 

10 

2,250 

29,250 

28 

U 

1,103 

14,333 

25 

5 

1,690 

21,970 

22 

2 

2,500 

33,280 

30 

0 

1,210 

15,730 

26 

9 

1,900 

25.480 

23 

6 

2,890 

37,570 

31 

4 

1,440 

18,720 

28 

1 

2,250 

29,250 

34 

10 

3,240 

42,120 

33 

9 

1,440 

18,720 

29 

5 

2,500 

33,280 

26 

2 

3,010 

46,930 

35 

1 

1,690 

21,970 

30 

9 

2,890 

37,570 

27 

6 

4,000 

52,000 

36 

5 

1,960 

25,480 

32 

1 

3,240 

42,420 

28 

10 

4,410 

57,330 

37 

9 

2,250 

29,250 

34 

6 

3,240 

42,120 

30 

2 

4,840 

62,920 

40 

2 

2,250 

29,2.50 

35 

10 

3,010 

40,930 

31 

0 

5,290 

68,770 

41 

6 

2,500 

33,280 

37 

2 

4,000 

52,000 

32 

10 

5,760 

74,880 

42 

10 

2,890 

37,570 

.38 

6 

4,410 

57,3,30 

34 

2 

0,250 

81,250 

45 

3 

2,890 

37,570 

39 

10 

4,840 

62,920 

35 

6 

0,760 

87,880 

46 

7 

3,240 

42,120 

41 

2 

5,290 

68,770 

36 

10 

7,290 

94,770 

47 

11 

3,010 

46,930 

43 

7 

5,290 

68,770 

38 

2 

7,840 

101,920 

50 

4 

3,010 

46,930 

44 

11 

5,760 

74,880 

39 

6 

8.410 

109,330, 

51 

8 

4,000 

62,000 

46 

3 

6,250 

81,260 

40 

10 

9,000 

117,000 

1 




wmmt 


’" Length ■» “laying length “ for bell-and-spigot pipe; and face to face of end flanges for flanged 

**^*^In aelectinff a meter tube, adopt one whose maximum capacity is 60 to 100 per cent, above wti- 
mated averaaf flow in the pipe Ime. If one tube does not have enough range m capacity, pla<^ 
nnrAlUl in connection with one instrument. Ends may be flange, bell pr spigpt. 


two tubes in iSiranel in connection with one instrument. Ends may be %nge, bell or Sj^fpt, 
Unless otherwSe specified, flange ends will be made **Master Fitters Standard for worWng pfgp* 
8ure?uD to l26 ib “Manufacturers Standard “ for pressures from 126 to 260 lb. To 

secure prompt delivery, adopt Ofle of these standards.a^ 
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meters in Catskill aqueduct are fuUy described in N,, 

Vpnfiirt tube a Pitot tube, any form of weir, or any form of flu ^ ^ 

remster usually indicates, records, and totalizes, but any one of these functions 
may be omitted when specified. The 

heads or varying heads into flows by means of a float and counterbato g 
SianLr It has no theoretical limitations and there ore is capable of 
measuring the greatest range of flows and the minimum velocities. 

DISK, VELOCITY, AND OTHER METERS 

Qualifications of a good meter; (a) reasonable accuracy at 
flows and under all variations of pressure; (h) simplicity of mechanu , ( ) 
opSti'n by low head, and with but little friction losst; W quietness; (e) 



economy; (/) durability; (») frost damage minimized; (h) low price. The 
meters mentioned below are used merely as convenient examples; theie are 
make, o,i the ,»«ket («» p. 468) and mu.li dilteronco of opinion » to 
their relative merits. Mctei. should be ijilectol rrith intelligent regard (or 
the service and conditions for which they are to be used. . 

Disk meters operate by virtue of the nutations of a wobbling disk, supported 
on a larger ball-and-socket bearing, as it is displaced by the water. 1 he large 
bearing Msures even wear. Makers emphasize the merits of these meters in 
respect to (a) ease of repairs; (6) reduction of damage by freezmg; (c) ajust- 
ment for disk wear. Observations by the St. Louis Water Dept, “dicate 
that they retain -an accuracy of 90 per cent, or better during 
that thev are 33 per cent, lower in first cost than the rotary type. 
tC l SetiS popnhi, type below 3 in.;De.i»it- «ei, them up to 
iV>r proper sizes, see Oversized Meters, p. 465.; 

20 per oeat. higher hhi 
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Velocity meters (known also as “current/^* ^'turbine/^ and ^^torrent’* 
meters) operate on the principle that the vanes of the wheel move at the same 
velocity as the water passing; a double wheel, in some types, provides a 
balance to minimize bearing friction. Current meters are used chiefly above 
2 in. and are claimed to measure large flows with comparatively small loss 
of head; the heavy-pattern turbine meter is adapted to measuring hot water 
under heavy pressure. A strainer is always provided to keep out injurious 
solids. On services of proper sizes, accuracy is well maintained. The first 
and maintenance costs appear lower than for like sizes of other types. 
Detroit"^ reports dissatisfaction with this type because (a) it clogs easily; 
(b) considerable flow is required to produce registration. Philadelphia 
substituted^ compound meters, and a large gain in registration resulted. 

Rotary meters operate on the displacement principle, piston revolving in 
guides. The opportunity for grit to enter lowers the actairac^^ below other types. 

Compound meter is designed to avoid the loss of registration on flows too 
small for accurate measurement l)y line-size meter ;t it consists essentially of 
three units, a large meter, a small by-pass meter and a legulatiiig valve, so 
arranged that, as the flow through the by pass reaches a certain quantity, the 
pressure loss actuates the regulating valve, which opens and diverts all or 
part of the flow to the larger meter, which is generally of the current type. 



Fi(i. 20.'k — t\brthington turbine nietc'r. 


Experience in Detroit^ is that meter satisfactorily records small amounts, but 
the current meter portion is liable to clog. F. B. Nelson® suggests that 
mechanism should be so arranged that large meter does not operate until 
flows are large enough for accuracy. 

Proportional meters J effect a saving on large lines by the use of a small 
disk meter on a by-pass, into which the water is deflected by special “friction 
rings.'^ The apparatus furnished includes both main pipe and by-pass. 
The ratio of flow in main to that in by-pass is constant; the meter is geared to 
record flow in main. 

Fire-line meters are required to record both ordinary flows and the large 
quantities used for fires, and to pass them without appreciable friction losses. 
Two separate mechanisms record flows, the fire flows being metered by a pro- 
portional meter on a by-pass, which leaves the main pipe unobstructed. 
Hersey Detector meter, Utility meter (Pittsburg Meter Co.), and Trident 
Protectus meter have approval of National Board of Fire Underwriters. 


* The name “current ” is objectionable and confusing, because it has so long been used for stream- 
gaging meters. 

I Tests in New York City on 15 meters (3- to 6-in.) showed an aggregate underregistration of 
21 per cent. F. B. Nelson.® 

$ Hersey Mfg. Co., New York City. 
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The Associated Factory Mutual Insurance Companies favor meters on fire 
lines only in exceptional cases.i® . 

Meter specifications were adopted by N. E. W. W, A.**® and A. W. W. A*'® 
in 1923. They cover both disk and velocity meters, and construction details f 
limits of accuracy for new meters are established. Manufacturers are now 
prepared to bid on these specifications. Some cities prefer to purchase meters 
on a performance basis. 


Table 132. Lengths of Meters Recommended by Joint Committee** 

All Dimensions in Inches 


Size 

Disk 

Turbine (current) 

Compound 

Standard 

length 

Minimum 

length 

Maximum 

length 

Minimum 

length 

Maximum 

length 


7h 





1 

0 





1 

IOt 





U 

12-^ 

13 

151 

18rV 

18A 

2 

151 

151 

19 

151 

28| 

3 

24 

20 

24 

24 

371 

4 

29 

22 

291 

29 

391 

() 

3()| 

24 

361 

36 

50| 

8 


261 

48 1 

42 

611 

10 


30 

60 

63 J 1 

721 

12 


36 

70 

m 

77 


Accuracy of registration is dependent on the quantities flowing, the 
pressure, and the wear of the bearings and the operating mechanisms. Chemi- 
cals natural to the water or residual from purification processes often affect 
the accuracy. At Grand Rapids,^ 3 linie treatment of the water resulted in 10 
per cent, of meters being limed, and requiring cleansing. ElecJtrolysis in the 
gear trains at St. Loiiis was mitgiated by use of same alloy for all parts A ^ 
Accuracy can be maintained only by perpetual testing, maintenance, and 
replacements. Two examples of practice in reiflacing meters are given in 
Table 133. Huy^i increased revenues 50 per cent, by repairing large meters 
and repairing or replacing small ones. 


Table 133. Replacement of Defective Meters* 


Size of meters, 
in. 

Maximum registration allowed before meter ivS 
replaced, cu. ft. 

Maximum time in service 
before meter is replaced, 
New Jersey Board, years 

Ilackensaek Water 
Co. 

New Jersey Board of Pub- 
lic Utility Commissioners 


100,000 

750,000 



250,000 

1,000,000 

8 



2,000,000 

6 



1 No quantity given 

4 


Oversized meters should be debarred by regulations; they underregister, 
resulting in loss of revenue. The Passaic Water Co.*®® has adopted the fol- 
lowing limits: up to 6 families, f-in. meter; 6 to 12 families, ^-in. meter; 12 
to 18 families, 1-in.; 18 to 25 or 30 families, IJ-in. Sizes for industrial lines 
are based on investigation. Invariable rule is to use smaller size than the 
service pipe. Pressure losses should be controlled by the service pipe; not by 
the meter size. 
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Table 134. Standatds of Meter Size in San Francisco 



In Detroit, 74 per cent, of the 154,360 meters in service, July 1, J922, were 
f-in.; 20 per cent., |-in.; 3 per cent., 1-in.; and the others graded up to G-in.*^ 
Of 547 waterworks using meters on residence services, Public Works^® 
found that 495 normally use l-in.; 20 use J-in.; and 32 allow no size 
smaller than f-in. 

Testing of meters after service is an important function of operating 
department. Shop testing consists in passing through the meter a quantity 
calibrated by weight or volume in a tank. Special piping provided by makers 
facilitates rapid insertion of meters. Testing machines are made by many 
meter companies (see p. 468), and Ford Meter Box Co., Wabash, Ind., and 
H. W. Clark Co., Mattoon, 111. Small meters should be taken to shop, but 
large meters are more economically tested in place by portable test meters. 

Results of Tests. Of 6400 meters teste^d in Detroit shoj) 03 percent, were 
found correct; 11 per cent, stopped; 12 per cent, overregistered, and 14 per 
cent, underregistered from 4 to 25 per cent., averaging 8 per cent. . During 
1922, 47,345 meters (30 per cent.) were tested; 3980 were frozen; and 5307 
(2 per cent.) injured by hot water.* See annual reports, 1922, 1923. 

Otto Poetsch28 tested J-in. meters, Milwaukee, 1911, none of which had been 
repaired within 5 years; 3431 meters of piston type gave average slip of 3.15 per 
cent.; 1955 disk meters gave slip of 0.6 per cent. Piston meters were 15 to 23 
years old; disk meters 10 years. On basis of these tests, aVerage slip for city was 
placed at 1 per cent. 

. In tests at East Orange, N. J.,29 July 29, 1908, to June 22, 1909, two Trident 
and two Empire meters, out of 18 meters, representing six makes, ran constantly 
under full pressure for 104 months, with out failure and without serious drop in 
accuracy. Meters were |-in. size. Tridents passed 1,857,000 and 1,730,000 cu. 
ft. respectively, equivalent to 13,927,500 and 12,975,000 gal.; Empires 1,289,000 
and 1,273,000 cu. ft., equivalent to 9,667,500 and 9,547,500 gal. Differences in 
quantities were due to varying capacities of the different machines, accuracy beirg 
high in all four. When it is considered that the smallest of above quantities is 
equivalent to the usual supply of a family of 10 for about 48 years, or a family of 
5 for 95 years, the capacity and accuracy of these meters may be appreciated.! 

Tests in Des Moines, Iowa, by J. A. Cole, 1897, on 1064 meters in service from 
1 to 15 years, showed an average loss of registration of only I j per cent. 20 

Less favorable results are frequent; 4000 meters tested by one company in 
two years showed an accuracy varying from 4 to 90 per. cent. 

Meter Slippage. Considerable water flows through meters without being , 
registered, varying with the size and depending upon the mechanical condition 
of the meters. An average slippage of 5 per cent, of the total water distributed 
is accepted by authorities on meters and confirmed by experience in Detroit.** 

♦Degree of heat not ascertained; makes repaired: Gamon, Lambert* Naeh* Thompsosi, 

t is a disk and the Empire of the oscillating-piston type. 
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Meter operating costs at Terre Haut^® for 1921 may be taken As typical: 
Cost of reading 7700 meters averaged 3 cts.; clerical work (billing, receipting, 
etc.), 85 cts. per customer per year. Cost of repairs, tests, and maintenance 
averaged 29.0 cts. per meter in service. Inspections, investigations, turning 
water on and off, removing and setting meters, averaged 56 cts. per meter. 

Setting of meters affects costs of reading, maintaining, and testing. Many 
cities now require a curb setting on new installations wherever conditions 
permit. 

Time required to set f-in. to 1-in. meters may be taken at 1.75 man-hr. ; 
carting also takes 1.75 man-hr. 

Meter boxes may be obtained from makers of cast-iron pipe. Ford Meter 
Box. Co., !!.• W. Clark (Mattoon, III.), S. E. T. Valve & Hydrant Co. (New 
York), or may be built of masonry in the field. Circular concrete boxes proved 
cheaper than s(iuare in St. Louis .21 Requisites are frostproofness, space 
for removing meter, and dial within 18 in. of top. Outside meter boxes can- 
not always be frostproofed. The severe winter of 1921-1922 in New England 
“convinced a good many that the small outside meter box is not serviceable 

in this climate. ’’22 

Benefits of metering,* according to Committee of Engineers reporting 
on Chicago, are premised on following conditions which are general in 
application: (a) Minimum rates must be established, which all customers are 
obliged to pay, whether the water represented is used or not. (5) Charges 
above the minimum will be calculated upon quantity metered, (c) The 
water department will furnisli, set, and maintain meters as a municipal expense. 

(d) Meters should be applied indiscriminately to all services, so that they will 
be regarded as a guide to careful use, rather than as a penalty for waste of water. 

(e) Metering should not be regarded as a means of increasing water revenues, 
but as a means of postponing and decreasing future investments in mains, f 
pumping stations, etc,, and of increasing pressures. If water revenues 
become the prime consideration, the expense of metering will become a burden, 
and defeat its merits. 23 

Results of Metering in Boston .24 J. A. McMurry states : 

Facts accumulated year after year force one to the (conclusion that a metered 
city will not only keep the consumption within reasonable limits but will also 
receive sufficient income to m(cet department expenses. Water takers are getting 
satisfactory bills* (and in thousands of cases bills lower than under the annual-rate 
plan) and the department is receiving more than sufficient to pay its bills, with 
quite a large surplus. 

In 1908, daily consumption was 98,300,000 gal. and per capita 158 gal. In 
1916, when the city was a little over 50 per cent, metered, daily consumption 
was 80,388,000 gal. and per capita 105 gal., a decrease of 18,000,000 gal. a day 
between 1908 and 1916. In 1921, daily consumption was 85,609,000 gal. a day, 
112 gal. per capita, a difference of 13,000,000 between 1908 and 1921. In 
forecasting reduction in consumption, it is well to remember that Americatt ^ 
cities are showing a progressively higher per-capita rate as population incrcaieSt 
J. Waldo Smith25 ’^arns that estimates should consider this factj which hpldA 
true whether or not meters are installed. .y 

i, ■ ■■■ alao p. 426, ■ jk ■ ■ 

Arieona installed meters and reduced the demands 60 per oent.« at a oosfof 
;af tnfi estimated cost for a new supply.®* 
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Table 136. Effect of Meters onWater Consumption^^* 


Per cent, of 
services 
metered 

Cities 5,000 to 25,000 
population 

Cities 25,000 to 100,000 
population 

Cities 100,000 popula- 
tion* and over 

Number 
of cities 

Gallons per 
capita per day 

Number 
of cities 

Gallons per 
capita per day 

Number 
of cities 

Gallons per 
capita per day 

0 to 

10 

60 

161 

16 

198 

3 

218 

10 to 

20 

20 

199 

3 

144 

3 

149 

20 to 

30 

17 

. 128 

2 

208 

3 

151 

30 to 

40 

15 

108 

4 

116 

3 

170 

40 to 

50 

8 

88 

5 

105 

3 

160 

50 to 

60 

18 

141 

5 

165 

0 

0 

60 to 

70 

18 

120 

4 

91 

0 

0 

70 to 

80 

16 

110 

10 

84 

4 

97 

80 to 

90 

31 

79 

9 

107 

10 

127 

90 to 

100 

145 

91 

53 


22 

-97 

Total 


348 


111 


51 









* See also Hill in A7n. City, ^'ol. 2U, 1923, pp. H and 15S. 


Regulations and Rates. An opitorne of curront (1010) practice has been 
put out in mimeograph form by State Bureau of Municipal Information, of tlie 
New York State Conference of Mayors and other Cit}' Ohicials (W. P. Capes, 
Director, Albany, N. Y.). For experience of American cities, see digest of 
questionnaire, //nVi., August 1017 (see also p. S32). 


Table 135A. An Identifyihg Directory of Makers of Meters 


American — Buffalo Meter Co., Buffalo, N. Y. 
Arctic — Pittsburgh Meter Co., East Pittsburgh, 
Pa. 

Badger — Badger Meter Co., New York City 
Columbia — Union Meter Co,, Worcester, Mass. 
Crest — Neptune Meter Co., New York City 
Crown — National Meter Co., New York City 
Detector — Horsey Mfg. Co., South Boston, 
Mass. 

Empire — National Meter Co. 

Eureka — Pittsburgh Mfiter Co. 

Federal — Federal Meter Co., New York City 
Gem — National Meter Co. 

Hersey — Herscy Mfg. Co. 

Keystone — Pittsburgh Meter Co. 


King — Union Meter Co. 

Lambert — Thomson Meter Co., Now York City 
Nash — National Meter Co. 

Niagara — Buffalo Meter Co. 

Nilo — Union Meter Co. 

Premier — .National Meter Co. 

Proportional — Hers«.y Mfg. Co. 

Protect us — Nepturn* Meter Co. 

Thomson — TlM>mson Meter Co. 

Torrent — Hersey Mfg. Co. 

Trident — Neptune Meter Co. 

Union— Union Water MettT Co. 

Watch Dog — Garnon Meter Co., Newark, N. J. . 
Worthington- — Worthington Pump «fe Machin- 
ery Co., New York City 
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CHAPTER 22 


PUMPS, PUMPING STATIONS, AND EQUIPMENT 

Service Required. The most exacting use of small and medium-sized 
pumping equipment is fire service; adequate supply at proper pressure,* with 
maximum number of streams, requires (1) several small pumps of aggregate 
capacity considerably above domestic demand, which necessitates some idle 
equipment; or (2) large pumps normally operated at small load factors, with 
consequent low efficiencies; or (3) a reservoir to supply fire needs; or (4) a 
combination of pumps and reservoirs. The three principal considerations^ 
in designing a pumping station are reliability, adequacy, and economy. 
Reliability can be obtained by best type of equipment in duplicate; adequaejq 
by using liberal sizes; economy involves life and depreciation, first cost, 
stand-by charges, interest, and operating costs. 

National Board of Fire Underwriters has issued elaborate specifications for 
fire-fighting requirements: dual power supply for reliability ; pumps housed in 
fireproof structures, effectively operated and maintained. Secondary 
sources of power for electric drive are generally Diesel or gasoline engines. 
In steam stations there is not the same necessity for dual power as where 
motors or internal-combustion engines are prime movers. Pumping capacity 
sufficient to meet maximum domestic demand combined with fire flow at 
required pressure, wh»n the two largest pumps are out of service, is recom- 
mended. On small systems for fire demands the pump capacity may be 
three to five times the domestic requirements. Johnsf)n2 holds that in a small 
sj^stem it is not feasible to have sufficient pump capacity for direct fire service, 
and that dependence for fire service must rest on a reservoir or on factory 
pumps. Compilation by Johnson of towns in Massachusetts with less than 
6000 population indicates that pump capacity is from 2 to 25 times the average 
daily consumption. See also epitome of practice in 66 cities, E, C., May 10, 
1918, p. 453. 

Relation to Distribution Reservoir, t Many early pumping systems had 
no distribution reservoir; pumps operated at different speeds, controlled by 
automatic regulators on steam throttle. This was known as the direct 
pumping system.^’ Modern electrically operated pumps on a direct pumping 
system can be controlled and put into service successively by electrical con- 
trols, but close conformity to demands is not attainable. There is lack of 
economy in operating a direct pumping system; with a reservoir, a reciprocat- 
ing pump operates at constant speed against reservoir pressure at higher 
efficiency, or electrically operated pumps may be more closely controlled by 
float controllers in the reservoirs. Direct pumping causes higher water- 
hammer effects than where there is a standpipe on the line. A standpipe 

i See P. 399. alao n saa 
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5 ft. in diam. and 224 ft. high on the Toledo system was torn down in 1916 
after trials had shown that both the main and the pumps would not be badly 
affected by direct pumping.®® , 

On small systems, pumping to a reservoir or standpipe reduces cost for 
attendance, power, and stand-by pumps for fire service. Where steam pumps 
are employed, pumping may be restricted to day time, and fires banked at 
night, cutting down fuel costs. With electrically driven pumps (common 
now on smaller systems) large economy results from limiting jnimping to 
night time, when power demands on electric utility corporations are low, and 
favorable rates may be secured (see p. 525). Investigations of pumping 
economics must consider the number of hours a day the plant is to be operated. 
With large reservoir capacity 8-hr. inimping will usually suffice. With an 
ample standpipe and a small demand at night, many stations operate with 
two shifts, totaling 16 or 18 hr. Other plants pumping against direct pressure 
have to operate a full 24-hr. day. 

Booster Service. Topographical conditions are often such tliat pressures 
adequate for low-lying portions of municipalities result in deficient pressures, 
in elevated areas. To meet this condition booster pumps are installed on 
distribution system directly, or are connected to small suction wells, to pump 
to higher levels at adequate pressure. Many of these booster pumps are 
electrically operated, and started and stopped by electrical controls within 
prescribed pressure limits (see p. 525). 

Pumping vs. Gravity. A gravity supply requires development of a water- 
shed (see Chap. 6) and commonly a long conduit to the distribution system. 
.Wherever possible, the reservoir is at sufficient elevation to afford adequate 
pressures at all times. Otherwise booster pumps supply high-service areas. 
Considerations of economy must di(;tate the proportion of work imposed on 
boosters. The first cost of a gravity system is often high, due to real estate 
for reservoir site and conduit, and the fact that reservoir structures and con- 
duits are proportioned to meet demands for many decades. On other hand, 
operating costs are small outside of interest ciiargcs and depreciation of 
conduit, or reservoir; but these may be large. Ileliability is generally greater 
than with a direct-pumping system. The direct-pumping system commonly 
involves a short conduit to the distribution system, and small first cost for 
pumping station and conduit; operating cost is, however, high, comprising 
chiefly jk)wer, depreciation of pumping equipment and buildings, repairs, 
and attendance. 

Types of Pumps.* Pumping machinery moves water to a new position 
(1) by displacing its volume, as in displacement pumps; (2) by continual 
application of mechanical energy, as in centrifugal pumps; or (3) by impulse, 
as in the ram. Displacement pumps, of which the ordinary reciprocating 
pump is the best-known t3q)e, operate by creating a space in the pump cylinder 
by displacement of a volume which is forced into the discharge pipe. The 
motive energy of the displacement pump results from direct pressure trans- 

• Great yarieties of pumping units are offered by a large number of makers; many of them 
quite satisfactory for usual ifequirements. Much additional useful information may be had from 
the publications of the best manufacturers. Reference is also made to ‘'Centrifugal Pumping 
Machinery,** C. G. De Lava-I (McGraw-Hiil Book Company, Inc., 1912); “Centrifugal Fhinps, 
Loewenstein and Orissey (Van Nos^and, 1911); “Centrifugal Pumps,” R. L. Daugherty (MoGiaw- 
Hill Book Company, Inc,, “Centrifimal Pumps,” J. W. Cameron (Scott, Greenwood, Xtondon, 

1921); “MoosM Pumping aiid Hydraulic Machinery,*’ Ei Butler, (Griffin, London, 19^>; * 
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mitted to the water by the piston. In centrifugal pumps the energy results 
from the velocity of the impeller, and in jet pumps from the moving jet. Ae 
airdift pump is discussed in Chap. 10. A centrifugal pump*driven by a steam 
turbine is known as a turbo-centrifugal. Steam engines incorporated with 
pumps in single machines have been known as pumping engines but this term 
is now extended to pumps combined with gas or oil-engine-drive. Pumps 
requiring a separate prime mover are power pumps. 

Sizes of Units. Pumj) sizes for small communities are dictated by require- 
ments of National Board of Fire Underwriters, which, unless there is a reservoir, 
involve a large amount of idle equipment, operated only for fires. A common 
error in design of pumping stations is to divide the maximum total pumping 
capacity required into units of equal capacity. No waterworks pump is 
operated at full capacity all the time. To meet conditions most economically, 
install pumps of several sizes, the smallest pump being capable of meeting 
domestic demands at night. Usually, division into different sizes will allow 
each unit to be operated at full capacity. By intelligent division, the station 
may be worked at maximum efficiency for a large proportion of the day.3 
Recent practice favors the use of electrically driven auxiliaries (see p. 522) to 
take peak loads, and to afford stand-by service. 

Pump Selection.-* Points to be considered: (1) The pump slK)uld be of an 
established make, so that its performance under varying conditions is known, 
and parts readily replaceable. Only the largest municipalities can afford 
to design their pumps; others use commercial designs. (2) First cost, only 
where two pumps fulfil all other qualifications. (3) Dependability, particu- 
larly where there is no reserve storage ; it can be ascertained only by inspecting 
records of similar plants. (4) Life of plant, which affects depreciation reserve. 
.(5) Size of floor space available. (6) Head. (7) Plant efficiency:* ratio of 
power output of purap to power input of plant; this is commonly the deter- 
mining factor in selecting pumping machinery. (8) Commercial efficiency: 
the total cost per unit volume of water pumped during life of plant should also 
govern, although difficult to evaluate; it should embrace first cost, insurance, 
taxes, depreciation, operation, upkeep, repairs, replacements, and all losses 
between power received and water delivered. (9) Flexibility, which enables 
the equipment to meet varying operating conditions ; flexibility of all pumps is 
limited, but the reciprocating steam pump and the rotary pump have greatest. 
(10) Priming requirements. , 

Power Calculations, t Pumping head should include (a) static head, low ’ 
water to high water, (h) friction in pipes, (c) velocity head. In computing (6), * 
it should be recognized that throwing an additional pump into service adds to 
the quantity, and may increase friction losses materially. 


Brake hp. 


G.p.m. X Head, in ft. 
4000 X Pump efficiency 


(error, plus 1.1 per cent.) (1) 


Millon ft.-lb. duty per million B.t.u. = 


1,980,000 _ 

lb. steam per hr. per brake hp. X B.t.u. per lb. \ I 

♦ Officials arc often misled as to the efficiency and operating costs by official tests under liiit 
load, whereas the efficiency falls off under normal operating conditions of partial loads and 
mittent operation, 
t See also p. 491. 
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MilUon duty per 1000 lb. steam = Lb~Sper3efp.:hr. 

Pounds of steam per hr. per i.h.p. - pilt y in ft.-Ib. per 1000 lE of^am 

1 B.h.p. == 746 watts (5) 

Mgd. X 94.2 X Head, in ft. . 

Combined einciency of pump plus motor 
The full-load efficiency for power pump varies from 50 per cent, for the small- 
size centrifugals to over 80 per cent, for the high-duty reciprocating jiumps, and 
large centrifugals. 

Altitude, Pressure, and Suction. The height tliat a pump will lift water 
by suction depends on atmospheric pressure, wliich decreases as altitude 
increases, roughly 0.5 lb. per s<p in. for every 1000 ft. of ascent. At altitude 
1500 ft., the pressure is 0.75 lb. less than at sea level, or roughly 14 lb. jier sq. in. 
At sea level 1 atmosphere has a pressure of 14.696 lb. per sq. irn, or a head of 


Table 136. Pressures Corresponding to Barometer Heights 


Barometer, in. 

Pressure per sq.in., lbs. | 

llaroiuetcr, in. 

Pressure per sq.in., lbs. 

28 

13.74 

29 J 

14.60 

28i 

13.86 

30 

14.72 

' 28i 

13.98 

30i 

14.84 

28i 

14.11 

30| 

14.96 

29 

14.23 

301 

15.09 

29i 

14.35 

31 

15.21 

29i 

14.47 




33.94 ft, of water, or 29.922 in. of mercury. Moisture in air makes a difference 
in pressure. The readings of a barometer take care of both altitude and mois- 
ture corrections. Theoretical horsepower required is ^iven on p. 473. To 
find theoretical lift of pump in ft., multiply pressure* per scj. in. from barometer 
reading by 2.3. Of course the pump will not lift this height, as it cannot pro- 
duce a perfect vacuum,! and even if it could, there must be enough difference 
between pressure in pump chamber and atmosphere not only to sustain the 
height of column, but to overcome its friction. 

* For table of pressures, see p. 818. 

t For table of vacuums, see p. 817. 
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Table 137. Theoretical Horsepower Required to Raise Water to 
Different Heights 


Feet 




6 


10 

15 

20 

25 

30 

35 


45 

60 1 

Lbs. per sq 

in. 


I 

B 




8.7 

10.8 

13.0 





Gal. per min. 

Mgd. 




1 









5 


0.007 

0.006 

0.012 

0.019 

0.025 

0.031 

0.037 

0.044 

0.06 

0.06 

0.06 

10 


0.014 

0 

012 

0.025 

0.037 

0.050 

0.0()2 

0.075 

0.078 

0.10 

0.11 

0.12 

15 - 


0.022 

0 

019 

0.037 

0.0,56 

0.075 

0.094 

0.112 

0.131 

0.15 

0.17 

0.19 

20 


0 . 029 

0 

025 

0.0,50 

0.075 

0.100 

0.125 

0.1,50 

0.17,5 

0.20 

0.22 

0.25 

25 


0.036 

0 

031 

0.062 

0.093 

0.125 

0.156 

0.187 

0.219 

0.25 

0.28 

0.31 

30 


0.043 

0 

037 

0.075 

0.112 

0.150 

0.187 

0.225 

0 . 262 

0.30 

0.34 

0.37 

35 


0.0.50 

0 

043 

0 . 087 

0.131 

0.175 

0.219 

0.2(52 

()..306 

0.35 

0.39 

0.44 

40 


0.0.5S 

0 

050 

0.100 

0.1,50 

0.2,50 

0 . 300 

0 . 300 

0.3,50 

0.40 

0.45 

0.,50 

45 


0.065 

0 

056 

0.112 

0.168 

0.225 

0.281 

0 . 337 

0 . 304 

0.45 

0.51 

0 . 56 

50 


0.072 

0 

062 

0.125 

0.187 

0.250 

0.312 

0.375 

0.437 

0.50 

0.56 

0.62 

60 


0.086 

0 

075 

0.1,50 

0.225 

0.300 

0.375 

0.4.50 

0..52.5 

0.60 

0.67 

0.75 

75 


0. 1 OS 

0 

093 

0. 187 

0.281 

0.375 

0.469 

0..5f52 

0 . 6.56 

0.75 

0.84 

0.94 

no 


0. 129 

0 

112 

0 . 225 

0.337 

0.4.50 

0.562 

0.675 

0.787 

0.90 

1.01 

1.12 

100 


0.144 

0 

125 

0.2,50 

0 . 375 

0..500 

0 . 625 

0 . 7.50 

0.875 

1.00 

1 . 12 

1 . 25 

125 


0.180 

0 

1.56 

0.312 

0.469 

0.625 

0.781 

0.937 

1.094 

1 . 25 

1.41 

1.66 

150 


0.210 

0 

187 

0.375 

0.562 

0.7,50 

0.937 

1.125 

1.312 

1 . .50 

1.69 

1.87 

175 . 


0.252 

0 

219 

0.4,37 

0.6,56 

0.875 

1.094 

1.312 

1..531 

1.75 

1 . 97 

2.19 

200 


0 . 28S 

0 

250 

0 . 500 

0.7,50 

1.000 

1.2,50 

1 . 500 

1 .7,50 

2.00 

2 25 

2 . 50 

250 


0.360 

0 

312 

0 . 625 

0.937 

1 .2,50 

1 . 502 

1.875 

2.187 

2., 50 

2.81 

3.12 

300 


0.432 

0 

375 

0.7,50 

1 . 125 

1 . 500 

1.875 

2.250 

2 . 625 

3 . 00 

3.37 

3.75 

350 


0.504 

0 

437 

0.875 

1 .312 

1 .7,50 

2. 1.87 

2 . (52.5 

3 . 0(52 

3., 50 

3.94 

4.37 

400 


0.576 

0 

,500 


.000 

1 . 500 

2 . 000 

2.500 

3.000 

3 . 500 

4.00 

4 . .50 

5.00 

500 


0.7 

20 

0 

625 


. 250 

1 .875 

2., 500 

2.125 

3.7,50 

4 . 375 

5 . 00 

5 . 62 

6.25 

Feet 


60 

75 

90 

100 

125 

1.50 

175 

1 200 

2.50 

300 

.350 

400 

I^bs. per 


26 

.‘i 

3 

39 

43 

54 

65 

76 

87 

108 

130 

152 

173 

sq. in. 
















Gal. per min. 
















5 

0.07 

0 

09 

0 . n 

0.12 

1 0.16 

0.19 

0.22 

0.25 

0.31 

0.37 

0.44 

0.5 

10 

0.15 

0 

19 

0.22 

0 . 2i 

. 0.31 

0.37 

0.44 

0.,50 

0.(52 

0.75 

0.87 

1 .0 

15 

0.22 

0 

28 

0 . 34 

0.37 

0.47 

0 . .5(5 

0.(50 

0.75 

0.94 

1.12 

1.31 

1.5 

20 

0.30 

0 

37 

# . 45 

0..5f 

1 0.62 

0.75 

0.87 

1.00 

1 . 2.5 

1 . 50 

1.75 

2.0 

25 

0.37 

0 

47 

0,. 

)6 

0.62 

1 0.78 

0.94 

1.09 

1.25 

1 . 5(5 

1.87 

2 . 19 

2.5 

30 

0.45 

0. 

,56 

0.67 

0.75 

> 0.94 

1.12 

1.31 

1 . 50 

1.87 

2.25 

2.62 

3.0 

35 

0.52 

0. 

(iO 

0.79 

0.87 

1.08 

1.31 

1 . 53 

1 . 75 

2.19 

2.62 

3.06 

3.5 

40 

0.60 

0 

75 

0 . 90 

1 . 00 

1 .25 

1 . 50 

1 . 7.5 

2 . 00 

2 . 50 

3.00 

3 . .50 

4.0 

45 

t 

).67 

0. 

84 

1.01 

1 .12 

1.41 

1.(59 

1.97 

2.25 

2.81 

3-37 

3.94 

4.5 

50 

0.75 

0. 

94 

1.12 

1.25 

1 . 56 

1.87 

2.19 

2.50 

3.12 

3.75 

4.37 

5.0 

60 

0.90 

1 

12 

1 . 35 

1 . 50 

1 .87 

2.25 

2.62 

3.00 

3.75 

4.50 

5.26 

0.0 

75 

1.12 

1 

40 

1 . 69 

1 .87 

2.34 

2.81 

3.28 

3.75 

4 . 69 

5.62 

6.56 

7.6 

90 

1 . 35 

1 

68 

2.02 

2 . 25 

2.81 

3 . 37 

3.94 

4 . 50 

5.(52 

6.75 

7.87 

9.0 

* 100 

1 . 50 

1 

87 

2 . 2.5 

2., 50 

3.12 

3.75 

4.37 

5.00 

6.2,5 

7 . 50 

8 . 75 

10.0 

125 

1.87 

2. 

34 

2.81 

3.12 

3.91 

4.(59 

,5. 47 

6.2.5 

7.81 

9.37 

10.94 

12.5 

150 

2.25 

2 

81 

3 . 37 

3.75 

4.69 

5.62 

^6., 56 

7 . .50 

9.37 

11.25 

13.12 

16.0 

175 

2 . 62 

3 

28 

3 . 94 

4 . 37 

5.47 

6., 56 

7 . (56 

,8.75 

10.94 

13.12 

15.31 

17.6 

200 

3.00 

3 

75 

4 . 50 

5. Of 

6.25 

7.50 

8.75 

10.00 

12.50 

15.00 

17., 50 

20.0 

250 

3.75 

4 

69 

5.62 

6 . 25 

7.81 

9.37 

10.94 

12., 50 

15.72 

18.75 

21.87 

25.0 

300 

4.50 

5 

62 

6.75 

7 . 50 

9.37 

11.2,5 

13.12 

15.00 

18.75 

22.50 

26.25 

30.0 

350 

5.25 

6 

56 

7.87 

8.75 

10.94 

13.12 

15.31 

17., 50 

21.87 

26.25 

,30.62 

35.0 

400 

6.00 

7 

50 

9.00 

10.00 

12.50 

15.00 

17., 50 

20.00 

25.00 

30.00 

35.00 

40.0 

600 

7.50 

9 

37 

11.25 

12., 50 

15.62 

18.75 

21.87 

25 . 00 

31.25 

37 . .50 

43 . 75 

60 0 


Pumping costs* depend on first cost of plant, on type of pumps, quantity, 
head, price of fuelf and supplies, and charges for electric energy. Pumping 
costs are commonly expressed as the cost of raising 1,000,000 gal. 1 ft. high. 

- Rising prices of coal since the war have made fuel a larger part of the total 
operating cost than previous to 1918. The variation in basic costs for pumpk 

♦ See statistics for 66 U. S. cities in E. C., May 10, 1918, p. 453. 

1 8®® P- * 
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ing over a period of years for Chicago are offered as a guide in applying past 
costs to recent conditions. . 


Table 138. Pumping Costs at Chicago. ^ Effect of Price Changes®^ 


Year 

Aver, head 
pumped against, 
feet 

Av’er. 

pumpage, 

mgd. 

Coal used, 
1000 
tons 

Aver, cost 
of coal 
per ton 

Aver, cost 1 
1 mgd. 1 ft. 
high, cents . 

1912 

115.8 

551.3 

166.6 

$ 2.38 

3.90 

1913 

120.2 

575.9 

170.4 

2.21 

3,58 

1914 

120.7 

613.3 

182 5 

2 . 14 

3.53 

1915 * 

115.4 

606.7 

193.8 

2.08 

3.69 

1916 

113.3 

628.0 

193.6 

2.00 

3.58 

1917 

110.3 

641.5 

201 .4 

3.20 

4.92 

1918 ' 

105.2 

657.9 

201 .0 

4.17 

6.00 

1919 

108.2 

714.5 

202.2 

4.13 

6.20 

1920 

108.8 

760.1 

189.0 

5.71 

7.40 

1921 

113.9 

775.1 

173 . 1 

6.24 

8.70 

1922 

115.2 

785.5 

147.4 

6.86 

7.70 

1923 

118.0 

788.5 

151 .0 

4,54 

6.70 


* Figures previous to 1915 Inclc the uceuracy of luter figures. 


RECIPROCATING PUMPING ENGINES* 


Types. licciproe«ating pumps may have ono or more water cylinders; 
the number of cylinders determines the name, duplex, tri})lex, or quadruplex. 
Steam end may be simple, compound, or triple expimsion. If the plunger 
does not come in contact with the cylinder wall, the pump is known as a 
plunger pump. Where the pump plunger is driven from the cross-head of a 
steam engine, the machine is called a crank-and-fly wheel pumping engine. 

The single pump^ (double cylinder) has a i)ulsatiiig discharge; an air 
chamber t must be provided to absorb the shock which would cause water- 
hammer in pipes. This type is simple and reliable, and has low steam con- 
sumption. It must be started by hand. 

The duplex pump has a less pulsating discharge, and the air chamber is 
frequently unnecessary. It can be used with automatic starters. This type 
is largely used for steam fire j)umps; National board of Fire Underwriters 
has issued regulations for manufacture and installation. 

Triplex pumpst® (single-acting plunger pumps) are common in small plants. 
Three cranks set 120° apart give uniform flow, fairly free from shock. Air, 
chambers are, however, generally desirable. Plungers are easily inspected 
and renewal of packing is easy. Triplex pumps should not be used in residential 
districts, due to excessive noise in gearing. They readily meet demands for 
fire service, as they can be operated with good efficiency against double pres- 
sure. * Triplex pumps with long rods can pump from pits. A large triplex 

pump under favorable conditions may have an efficiency of nearly 80 per cent.® 

*■ 

♦ Reader is referred to “Direct-acting Steam Pumps,” by F. F. Nickel (McGraw-Hill Book 
Company, Inc,, 1915); “Pdixiping Machinery,” by Greene (Wiley, 1919), “Modern Pumping and 
Hydraulic Machinery,’* by Butler (Griffin, 1922); new pump standards promulgated in 1922 by 
the manufacturers (Hydraulic Society, New York). 

t For design, see 1913 Chicago Public Works Dept. « v., 

t Makers include Aldri# Pump Co^ Deane Steam Pump Co., Doming Go., Gould Pump C0.» 
Novo Engine OOft Humsey Pump Co., Worthington Pump & Machinery Co. 




Pumps, pumping 

Triplex pumps may be operated by steam, gas, or electricity; may be belt or 
chain driven, or directly connected to motor, engine, ot water-wheel through 
reduction gearing. Small sizes when intermittently used . should not he 
operated by steam bn account of heat losses when idle. Motors and gas 
engines require reduction gearing. , 

Cross-compound; Although first cost of a compound pump is greater 
than that of a simple pump, it is offset by smaller boiler capacity and 20 to 30 
per cent, fuel saving. For service against reservoir or standpipe head, or 
where but slight increase of pressure is necessary for fire service, a cross- 
compound pump is simpler, and, as a rule, less expensive than the three- 
cylinder type.3 The cross-compound flywheel is generally considered most 
economical tyi)e for 3- to 5-mgd. plants,7 but may be questioned on basis of 
duty per dollar of annual charges. First cost is much less than that of vertical 
triple-expansion, crank-and-flywheel type. A duty of 125,000,000 to 150,- 
000,000 ft. -lb. can be obtained. 

Triplex Compound Pwnp.^ Essential feature is the distribution of the low- 
pressure load between two cylinders and frames, instead of concentrating on 
one, as in the cross-conii)ound. Where the latter is to be used on a steady 
load, cylinders can be so proportioned as to throw on each of the high- and low- 
pressure frpines ai)proxiniately equal loads. Where there is a wide variation 
between domestic and fire pressure, advantage of three-cylinder arrangement 
is marked; live steam may be admitted to the receiver without danger, since ' 
the load, which in a cross-compound would come on one frame, is distributed 
on two, each as strong as the high-pressure frame, so that no matter hOw 
hurriedly or unskilfully the machine is handled while pushing the service up 
to fire pressure, chances of damage at this critical time are reduced a half. 
In a duplex double-acting flywheel machine the minimum flow is 54 per cent, 
of the maximum, while in a three-cylinder machine the minimum is approxi- 
mately 74 per cent, of the maximum. 

Triple-^/xpwmion Flywheel Pumping Engine, Vertical engines of this type 
have until recently been preeminent from an economic and mechanical stand- 
point for large installations. The early cut-off in the steam cylinders allows 
large utilization of the expansion of the steam, with consequent saving in 
steam consumption. Under favorable steam and water (conditions, a duty 
exceeding 200,000,000 ft.-lb. per 1000 lb. of steam has been obtained. These 
engines have been reliable and maintenance cost low, but they require expen- 
sive buildings and foundations, and the investment is high. Cost is pro- 
hibitive in small plants, owing to high fixed charges, which will annually 
exceed $700 per mgd. capacity.^ 

Quadruple^expansion pumping engines,^ resulting either in a tandem ar- 
rangement, or in abandonment of three-plunger designs so favorable to uniform 
hydraulic effects, are not suitable for waterworks service. 

Unifiow pumping engine* takes advantage of steam flow into and through 
the steam cylinder in one direction only. The heat energy is utilized in thie r 


cylinder during the period of its admission, expansion, and flow in one direo- 
tion, the expanded steam being exhausted through ports remote from pbhii 
of admission, so that the comparatively cold steam has least effect on the hot 
end of the cylinder. * There is a heat gain over counterflow cylinders in the 
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elimination of initial condensation. Some American manufacturers have 
guaranteed as low as 10 lb. of steam per i.hp. per hr., and European engines 
have tested well under 9. With a single cylinder, substantially the economy 
of the best compound or triple-expansion engine is obtained. 

Merits of Reciprocating Steam Pumps.4 Advantages: (1) low first cost, 
(2) durability, (3) flexibility, (4) ability to operate against a high head, (5) 
operation easily understood, (6) high efficiency usually obtainable.* 

Disadvantages: (1) frequent adjustment, (2) inability to pump sandy 
water, (3) weight and size, (4) lack of simplicity, (5) priming usually necessary 
unless piston packings are well maintained, (fl) necessity for vacuum and air 
chambers on the inlet and discharge pipes to equalize flow and prevent shocks, 
(7) cannot be directly connected to motors, (8) can rarely be directly con- 
nected to internal-combustion engines. 

Merits of Piston or Plunger Pump. Advantages: (1) durability, (2) 
operation against high head, (3) uniform flow for multi-cylinder, (4) high 
efficiency, (5) good suction. Pumps of piston type, owing to facility with 
which packing can be renewed, and to smaller clearance spaces in pump cylin- 
ders, are particularly efficient for lifting water l)y suction, where it is impos- 
sible to prime the suction pii)ing b(4ore starting the ])ump.3 

Disadvantages: (1) high first cost, (2) limited flexibility, (3) gj’eat weight 
and size, (4) oi)eration at slow speed, (5) ])riniing necessary, (6) sandy water 
not pumped successfully. They are considered by Vanleer^ the most efficient 
type for heads over 300 ft. 

Reciprocating vs. Centrifugal Pumps. Reciprocating pumps have a 
nearly uniform efficiency over a large range, whereas efficiency of centrifugal 
pumps is affected by any change in head or speed. This makes for greater 
flexibility in o])cration of recipro(;ating pumps. Repairs and renewals do 
not require expert labor. For common suction conditions a properly packed 
pump®3 requires neither priming device nor foot vah e. Reciprocating outfits 
cost more, occupy more floor space, require heavier femndations, require more 
attendance, make more noise, require air chambers on discharge lines to 
avoid water-hammer, and cannot be driven by high-speed motors or engines 
except through reduction gearing, with consequent loss in efficiency. 

Power Calculations.^ Dividing water horsepower f by mechanical effi- 
ciency gives theoretical indicated horsepower. From Table 139, accepting 
the usual average mechanical effiqiency given in the last column for a pump 
of capacity given in the first column, the ai)proximate required indicated 
horsepower can be obtained. Then from Table 151,t having determined the 
type of engine to be installed, and knowing its ordinary duty, get the number 
of pounds of steam per i.hp. required to be furnished by the boilers. It is 
usually safe to provide an excess for steam consumption of auxiliaries and 
losses due to condensation in steam pipes, of about 10 to 15 per cent, of the 
steam required for main pumping units. 


* Ef&ciency varies with length of stroke from 40 per cent, for 3 or 4 in., to 80 per cent, for 24 in, 
t See p. 473. J p. 506. 
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Table 139. Mechanical Efficiency of Pumping Engles; Indicated Horsepower 
in Steam Cylinders^ 


Capacity 

mgd. 

(24 hours) 

Total water load against plunger including suction, pounds pressure 
per sq. in. 

Mech.* eff. 
in per cent, 
of indicated 
horsepower 

40 

1 50 

1 60 

1 70 

1 80 

1 90 

1 100 

1 no 

1 120 

130 

! 140 

1.50 

Indicated horsepower of steam cylinders 

0.1 

2 

3 

4 

4 

5 

6 

6 

7 

7 

8 

9 

9 

65 

0.2 

5 

6 

7 

8 

10 

n 

12 

13 

14 

15 

17 

18 

68 

0.3 

7 

9 

10 

12 

14 

15 

17 

19 

21 

23 

24 

26 

71 

0.4 

9 

11 

13 

16 

18 

20 

22 

24 

27 

21) 

31 

33 

73 

0.5 

n 

13 

16 

19 

22 

24 

27 

30 

32 

35 

38 

40 

75 

0.6 

13 

16 

19 

22 

25 

2.8 

32 

35 

38 

41 

44 

47 

77 

0.7 

15 

18 

22 

25 

29 

.33 

36 

40 

44 

47 

51 

55 

78 

0.8 

16 

21 

25 

29 

3.3 

37 

41 

4.5 

49 

.53 

57 

62 

79 

0.9 

18 

23 

27 

32 

36 

41 

46 

50 

55 

,59 

64 

08 

80 

1.0 

20 

25 

30 

35 

41 

46 

51 

56 

61 

66 

71 

76 

80 

1.5 

30 

38 

45 

53 

60 

68 

75 

83 

90 

98 

105 

113 

81 

2.0 

40 

49 

59 

69 

79 

89 

99 

109 

119 

128 

138 

148 

82 

2.5 

49 

61 

73 

85 

98 

no 

122 

131 

146 

J .59 

171 

183 

83 

3.0 

58 

72 

87 

101 

1 16 

130 

145 

1.59 

174 

188 

2():j 

217 

84 

4.0 


mm 

114 

133 

1.53 

172 

191 

210 

229 

248 

267 

286 

85 

5.0 

94 

ns 

141 

165 

188 

212 

236 

259 

283 

306 

330 

3.53 

86 

6.0 

112 

140 

168 

196 

22.3 

251 

279 

307 

335 

363 

391 

419 

87 

7.0 

130 

163 

195 

228 

261 

293 

326 

358 

391 

424 

4.56 

489 

87 

8.0. 

117 

184 

221 

2.')8 

295 

331 

308 

40.5 

442 

479 

51.5 

5.52 

88 


ICO 

207 

248 

290 

3.31 

373 

414 

4.56 

497 

538 

580 

621 

88 

10.0 

182 

228 

273 

319 

.364 

410 

4,55 

.501 

546 

592 

637 

683 

89 

11.0 

200 

250 

300 

350 

401 

451 

501 

551 

601 

651 

701 

751 

89 

12.0 

216 

270 

324 

378 

4.32 

486 

540 

594 

648 

702 

7.56 

810 

90 

13.0 

234 

293 

351 

410 

468 

527 

,585 

644 

702 

761 

819 

878 

90 

14.0 

248 

312 

374 

436 

499 

561 

623 

686 

74.8 

810 

873 

935 

91 

15.0 

267 

334 

401 

467 

5.34 

Hm 

668 

735 

801 

868 

935 

1002 

91 

16 . 0 

282 

352 

423 

493 

.561 

6.34 

704 

775 

74.5 

916 

886 

10.57 

92 

17.0 

299 

374 

419 

524 

599 

674 

748 

823 

898 

973 

1048 

1123 

92 

18.0 

314 

392 

470 

519 

627 

706 

784 

862 

941 

1019 

1098 

1 1 7(5 

93 

20 . 0 

348 

136 

523 

610 

697 

7.84 

871 

9.58 

1045 

1132 

1220 

1307 

93 

22.0 

370 

474 

569 

664 

7.58 

8.53 

918 

1013 

1138 

1232 

1327 

1422 

94 

2.'».() 

431 

539 

646 

754 

862 

069 

1077 

I 1 85 

1293 

1400 

1.508 

1616 

94 

30 . 0 

511 

640 

767 

805 

1022 

11.50 

1279 

1406 

1,534 

1662 

1789 

1917 

95 

35.0 

597 

746 

895 

1045 

1194 

i:i43 

1492 

1642 

1701 

1940 

2089 

2338 

95 

40.0 

675 

844 

1013 

1182 

13.50 

1519 

1688 

1857 

2025 

2194 

2363 

2532 

96 


* Mechanical efficiency including hydraulic losses and vohinietric losses (slip) — Pump horse- 
power -I-* indicated horsepowiT of si earn eyliiuh'rs. Pump horsepower = product of plunger dis- 
placement, in g.p.rn., weighty! 1 gal., in lb., and head in ft. tlivided by 33,()0() = product of capacity 
n m.g.d., 1.547, water load against plunger in Ib. per sq. in. and M l, dividiid by 550. 


Best reciprocating pumping plants9i> involve: Vortical, triple-expansion, 
crank-and-fiy wheel pumping engines; long stroke, rotative speed not to exceed 
20 r.p.m.; maximum ]iiston travel 200 ft. per min.; modified steam jacketing 
and reheating; steam pressure at throttle, 175-lb. gage; moderately superheated 
steam by independent apparatus; smoke-flue reheating; water-tube boilers; 
mechanical stokers; natural draft at least 0.8 in. of water; feed-water econo- 
mizers; automatic damper regulators: coal bought on basis of 14,000 heat units 
per lb.; boiler efficiency of 75 per cent.; coal per i.hp., 1 lb. for large plants, 1.75 
lb. for small plants; maintenance of engines, 1.5 per cent, for large plants, 3 
per .cent, for small plants. 

Table 140, Trial Duty Performance of Steam-driven Condensing Pumping 

Engines^ 

Duty, Million 
Ft.-lbs. 

PER 1000 Lbs. 


Type . Dry Steam 

Vertical, triple fixpansion, crank and flywheel (1918)'^®. . 201 to 211 

Horizontal, cross compound, crank and flywheel (1917)11® 150 to 175 

Horizontal, duplex, direct-acting, triple 75 to 100 

Horizontal, duplex, direct-acting, compound 50 to 70 

Turbine-driven, centrifugal pumpsi* 80 to 160 

Engine-driven, centrifugal pumps 70 to 










Many place too much value upon trial engine duty; it is important, but ef^ 
fectiveness of remainder of plant is of equal consequence. Sight must not be 
lost of fact that cost of coal, which is the item chiefly affected by high engine duties, 
is, in most cases, but 25 to 40 per cent, of total operating cost and a much lower 
per cent, of entire cost of pumping. 

Table 141. Duty and Consumption of Fuel of Steam Pumping Plants 


jS » pouTidsof water per hp.-h our, jSi = pounds of coal per lip.-lioiir; F «= mechanical efPciency, 
►er cent.; Si = (S X 100) t- E; find result in second column. For duty arid fuel consumption 
ind values opposite. Fuel is based on raising 100 gals, per min., 100 ft. l.iigli for 24 hrs. 


Duty in 
million foot- 
pounds per 
1000 lbs. 
dry steam 

Steam con- 
sumption 
per water- 
hfirsepower, 
lbs. per hr. 

Coal in tons per 24 hrs. 

Oil in 

barrels, 42 gals., per 24 hrs. 

Evaporation • 

Evaporationt j 

6 to 1 

8 to 1 

9 to 1 

12 to 1 

13 to 1 

1 14 to 1 

1 15to 1 

30.3 

65.0 

0.328 

0.246 

0.220 

0.93 

0.86 

0.80 

0.74 

33.0- 

60.0 

0.302 

0.227 

0.204 

0.86 

0.79 

0.74 

0.685 

36.0 

55.0 

0.280 

0.208 

0.186 

0.79 

0.73 

0.68 

0.63 

38.7 

61.0 

0.258 

0.193 

0.172 

0.73 

0.67 

0.63 

0.58 

44.5 

44.5 

0.224 

0.167 

0.150 

0.63 

0.60 

0.55 

0.50 

60.0 

39.6 

0.199 

0.149 

0.133 

0.57 

0.52 

0:485 

0.45 

55.5 

35.7 

0.179 

0.134 

0.120 

0.51 

0.47 

0.44 

0.40 

60.5 

32.5 

0.164 

0.122 

0.109 

0.46 

0.43 

0.40 

0.37 

66.5 

29.7 

0.149 

0.112 

0.100 

0.42 

0.39 

0.365 

0.34 

72.0 

27.5 

0.138 

0.104 

0.092 

0.39 

0.36 

0.'34 

0.315 

77.5 

25.5 i 

0.128 

0.096 

0.085 

0.36 

0.325 

0.315 

0.29 

82.5 

23.8 

0.120 

0.090 

0.081 

; 0.34 

0.315 

0.293 

0.272 

88.0 

22.4 

0.112 

0.085 

0.075 

0.32 

0.295 

0.275 

0.255 

94.0 

21,0 

0.105 

0.080 

0.071 

0.30 

0.275 

0.26 

0.24 

100.0 

19.8 

0.100 

0.075 

0.067 

0.29 

0.26 1 

0.245 

0.225 

105.0 

18.8 

0.095 

0.072 

0.064 

0.27 

0.25 

0.23 

0.216 

110.0 

18.0 

0.091 

0.068 

0.059 

0.25 

0.235 

0.22 

0.205 


* Ratio of water evaporated to dry coal consumed, «, 

t Ratio of lb. of water evaporated to lb. of oil consumed. 


Table 142. Items for and against High-duty’^ Pumping Plant^^ 


Against Hioh-duty: 

Maintenance account for machinery 
Interest on machinery 
Oil, waste, packing, etc. 

Sinking fund for machinery 


In Favok of Hioh-duty: 

Maintenance account for boilers 
Interest on boilers 
Sinking fund for boilers 
Coal account 

Early cut-off in steam cylinders allows 
large utilization of expansive power 
of steam. 


♦Makers of high-duty pumping rngihes include Allis-Chalmors Mfg. Co.; Hoover. Owens, 
Rentschler Co., Hamilton, Ohio; Worthington Pump & Machinery Corp., R. D. Wood A Co., 
Philadelphia. 

Proposals for Pumping Engines. Wide-oixjn proposals for engines gener-^ 
ally result in large variations in the bids. Exempting the engine contractor 
from all foundation work, etc. generally results in better work and prices. 
The data to be furnished bidders consist of (a) static water pressure: at engine- 
room floor; from floor to the level of water in the pump well; (b) allowance for 
friction: force main; suction pipe; (c) total working load upon plungers; (<0 
steam pressure at the throttle; (e) available clear height above the engine-rdOtn 
floor; dist^oe from engine-room floor to basement floorr Wall 
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to wall of engine room, inside, both directions; {h) available space on floor 
across the engine room; (i) available on floor lengthwise of engine room; ( 7 ) 
available in basement, lengthwise of engine room; {k) distance from building 
wall to pump well (furnish bidders plans and sections of the building, especially 
if space is cramped or obstructed) ; {1) air chamber required at the inboard end 
of the suction pipe; (m) air chamber required for the force main; (n) capacity; 
( 0 ) number of units; (p) transportation and erection facilities, sizes of 
entrances; (q) special local conditions if any .3 

On cost of pumping engines^ no really reliable figures can be given. Such 
figures vary with type, size, head pumped against, steam pressure, supply and 
demand, and cost of materials. If in doubt as to type needed, get bids on 
types to be considered. To fix upon cheapest unit for a particular case, con- 
sider costs of the following: (a) engine, (h) foundations, (c) land, (d) buildings, 
(e) boilers necessary to supply steam to engine, (/) coal per ton, (g) mainte- 
nance and repairs, (h) lubricants and waste, and (i) any other elements affected 
by type of engine. 

Lubricants. As a cylinder lubricant, flake graphite is used alone or with 
oils. It fills pores and irregularities of cast iron, and imparts to tlie surfaces 
of piston, cylinder, and valves a smootli, dense coating and brilliant polish 
without apparent pore or crack. Where cylinders “groan’’ from insufficient, 
.lubrication, application of a little graphite and oil through hand pumps 
will cure the trouble almost instantly. Where cylinders and valves are scored 
and cut, flake graphite rapidly fills in and overlays irregularities, restoring 
surfaces to smoothness. When bearings are grease lubricated, 4 or 5 per cent, 
flake graphite may be mixed with tlie grease and fed regularly; 4 to 6 per cent, 
by weight of graphite well mixed with good matffiine oil makes a satisfactory 
proportion, thin enough never to clog the oil ways. One great barrier to 
adoption of superheated steam has been the difficulty of providing adequate 
and reliable cylinder lubrication; at these high temperatures flake graphite 
has proved a reliable remedy for insufficiont lubrication. Graphitt; introduced 
into a steam cylinder finds its way to the stuffing boxes and packing, and pre- 
vents scoring, fluting, or rusting. Any separator, grease extractor, or settling 
tank that will remove even a fair percentage of cylinder oil will remove all 
graphite that goes out with the exhaust. Graphite passing into a separator 
adheres to the baffle plates; remove and clean them from time to time. For 
certain types of separators it is convenient to purchase duplicate baffle plates 
which can be changed in a few minutes and the coated jfiates cleaned at leisure. 
Specific gravity of graphite is greater than of oil; therefore it is but a matter 
of time before graphite mixed with oil settles, no matter how finely xmlverized 
or how heavy the oil. Do not attempt to feed graphite mixed with oil in 
gravity oil cups or sight-feed lubricators; graphite might settle and clog the 
feed. Have a special oil can for graphite and oil (a heaping teaspoonful of 
graphite to a pint of machine or engine oil) and shake thoroughly before apply- 
ing. Perfectly dry graphite will feed through a common squirt can; follow up 
each application with a few drops of oil to carry the graphite into the bearings. 
In ^‘splash” lubricated engines, graphite may be added directly to the oil in 
the crank case, a teaspoonful to a quart; 
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Water-pump plungers should be lubricated with a waterproof graphite 
grease. It cannot be washed off, is unaffected by fresh, salt, alkaline, or acid 
waters, and therefore gives the best service. The graphite in this composition 
reduces friction to a minimum; it also protects the packing and prolongs its 
life. For gears, slides and other moving parts, St gives the best results, as it is 
a tenacious, lasting, and excellent lubricant. 

Cylinder Oil, SL Louis Specifications,^^ Cylinder oil shall be a com- 
pounded oil of 2 per cent, pure acidless oil, and 98 per cent, pure filtered min- 
eral oil; free from dirt, grit, lumps, and specks; transjiarent amber in thin film; 
bright ruby through neck of 4~oz. bottle; translucent greenish by reflected 
light. It must satisfactorily pass the following tests: Sp. gr., 2(5 to 28° B6. 
at6()°F.; flash point, not below 540°F.; burning point, not below 600°F.; 
viscosity, not less than 3.75 (Engler) at 212°F.; cold test: must flow readily at 
50°F.; W'ater, must not froth or bump when heated in flash cup; tarry and 
suspended matter: 5 c.c. of this oil shaken with 95 c.c. of 88° petroleum ether 
in a glass-stoppered graduate must show no precipitation of tarry and sus- 
pended matter; volatility: heated for 2 hr. at a temjierature of 400°F., this oil 
must n.ot show a loss of more than 5 per cent, by weight; saponification: when 
oil is treated with alcoholic potash, it must show a presence of 2 per cent, 
tallow oil. 

Pomp Cylinder Calculations. (For table of cylinder capacities, see p. 820.) 
Piston Speed, The ordinary speed for single-stroke pumps is 100 ft. of piston 
travel per min.; for double-stroke pumps, 140 ft. For feeding boilers, speed 
should not exceed 50 ft., or 30 to 40 strokes per min. when the boiler is evapo- 
rating at its normal rating, 80 lb. of water per hp. })er hr. In fire pumps, where 
the largest quantity is rcc|uired, the speed may exceed 200 ft. per min. 


Table 143. Strokes Required to Reach Piston Speech of 100 Ft. per Min. 


Leiifah of 
stroke, in. 

N umber of j 
strokes j 

Length (>f 
stroke, in. 

Number of 
.stroke.s j 

Length of 
stroke, in. 

Number of 
strokes 

4 

300 

12 

100 

24 

50 

5 

240 

14 

86 

26 

46 

6 

200 

16 

75 

28 

43 

7 

172 

18 

67 

30 

40 

8 

150 

20 

60 

36 

33 

10 

120 

22 

55 

40 

30 


Theoretical Discharge. To find the number of gallons delivered per min. 
by a single-acting pump at 100-ft. piston speed per min. square the diam. of 
the plungers, then multiply by 4 (rougldy). 

Proportion between steam and. pump cylinder is determined by multiplying 
cross-sectional area of pump cylinder in sq. in. by the resistance on the pis- 
ton in lb. per sq. in., and dividing the product by the available pressure 
of steam in lb. per sq. in. The quotient is the cross-^sectional area of the 
steam cylinder. To this must be added an extra area to overcome the fric- 
tion, usually taken at 26 per cent. 

Rule for steam pressure required, when the lift, area* of the water cylinder, 
and area* of the steam cylinder are known: Take half the lift in ft., multiply 

* Area of croM-scction. 
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by the area of the water cylinder in sq. in., add 25 per cent, of this to itself, 
and divide by the area of the steam cylinder in sq. in. (approximate). 

Slip of pumping engines is the percentage difference between theoretical 
discharge and actual volume of water delivered. Slip is important and 
easily detected. A Venturi meter on the discharge and a counter on the 
engine are most convenient and all that arc necessary for determination; 
comparison of volumes pumped, as indicated by each, gives the information.*® 
Cause has not been fully understood and extent has been underestimated. 
Old types of re(;iprocating pumping engines had short water pistons in long 
cylinders, and there was little or no provision to compensate for wear due to 
sand and grit ; piston speeds were low and a slip of 50 per cent, around water 
pistons was not unusual, which could be proved by closing the discharge gate 
valve while the pump was running, when the speed of the pump would not be 
reduced to less than one-half normal speed. In later types rotative and plunger 
speeds are much higher and long plungers are used instead of short water 


A — Check valve. 

B — Waste pipe. 

C — Air valve. 

D — By-pass pipe. 

15 — Strainer box. 

F — Suction check 
val.v 

G — Vacuum 

chambe 


Fkj. 204. — Arrang(‘iiicnt of pipe connections, small reciprocating pump. 

pistons, frequently ^^outside-packed.” ‘^Slip” past the plunger is generally 
negligible, but *‘slip” at the rubber pump’ valves is often large, due to tardy 
closing, excessive wear, sticking, and clogging. Many believe that excessive 
‘^slip” is always accompanied by noise in the water end, but noise is sometimes 
absent. If the trouble is due to a relatively S77iall number of bad valves, there 
will be noise, but if it results from a large number of only moderately worn 
valves, noise can seldom be heard. Sometimes engineers test for ^‘slip” by 
opening the hand holes underneath the valve decks and allow full water 
pressure to be exerted upon the tops of the valves. When they find only a 
small leakage, they erroneously conclude that *‘slip” at this point is negligible, 
In centrifugal pumps “slip” occurs in other ways. With crank and fl3rwheel 
pumps short stroking is negligible, but with direct-acting pumps short stroking 
frequently exceeds 5 per cent.*^ 
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In statistics of water unaccounted for,, an important cause of inaccuracy is 
failure to allow sufficient ^^slip^^ of pumps. Probably few purops operate with 
less than 4 to 5 pei* cent. *‘slip’’ and it is not unusual to find 10 to 30 per cent. 
Major Gillette and J. C. McLennon in report on water waste in Philadelphia, 
1906, place average “slip’' at 25 per ‘cent, and maximum at 56 per cent., 
reducing apparent consumption from 233 gal. per capita to 164. Philips 
found “slip” in Chicago 10 to 28 per cent:, which he was able to reduce, by 
packing and repairing, to about 5 per cent. Evansville, Ind., 1903, cut its 
apparent consumption from 200 to 107 gal. j>er cai)ita by repairing purnps.^s 

ROTARY PUMPS* 

. Principle. There are two pistons, with intermesliing teeth, or swells, 
revolving iii a pump case so as to oc(aii)y successi^’^ely the w'hole space, and in 
this way to displace the water. By the revolution of tliese pistons the water 
is continuously sucked in and discharged. No suction or discharge valves are 
required. This type of pump is used iu most mobile fire apparatus and in a 
few stationary installations, notably Connorsville, Ind. 

AdvantagesA Small size compared to reci})rocating puihps of same 
capacity; fair flexibility; high efficieiH^y over a wide range of life, although this 
decreases with wear and slip; no ikmhI of i)rimiiig; rpiick starting not afTe(*ted 
by long periods of idleness; unifoim flow: ])ositive a(;tion; ada])tal)ility to any 
lift or capacity by varying speed; first cost lower than triplex pumps.® A 
stock pump can be used for any lift or capacity, l)y altering the si)eed. Plffi- 
ciency of a new pump is high over a wide range of lift. 

. Disadvantages, Position close to water; high first cost; poor durability; 
low speed, so that electric motors cannot he direct connected; limited head; 
close adjustment, to prevent exc(\ssive slip; poor performance with long 
shafts large size compared to centrifugal pumj)s P^fficiency decreases with 
wear and slip. 

CENTRIFUGAL PUMPSf 

Principle. Water enters near axis of the rapidly rotating impeller and 
ilows outward to the periphery, whicOi it leaves at a high velocity. The 
height of water column which would produce an equal velocity is the theoreti- 
cal total head which this type of puini) will develop. Centrifugal force plays 
an important part in changing the mechanical work sui)plied to the shaft to 
kinetic energy. Correct speed is most essential to proper operation of a 
centrifugal pump, and prime movers should he selected on this basis. 

Adaptability. Centrifugal pumps are ill adapted to drive by steam 
engines, because of high speeds required. Modern electric motors and steam 
turbines have made centrifugal pumps preeminent in waterworks practice. 
Water turbines, 2® gas engines, and Diesel engines have also been used to drive 

* Makers of rotary pumps include: Blaekmer Rotary Pump Co., New York; Kinney Mfg. Co., 
Boston; Northern Pump Co., Minneapolis; Nash Engineering Co,, South Norwalk, Conn.; Ilumsey 
Pump Co., Seneca Falls, N. Y. . 

t Great varieties of pumping units arc onered by a large number of makers; many of them are 
quite satisfactory for usual requirements. Much additional useful information may be bad from 
the publications of the best nrmnufacturers. Reference is also njade to “.Centrifugal Pumping 
Machinery/’ C. G. De Layal ^cGraw-^Hill Book Company, Inc., 1912); “Centrifugal Pumps.^ 
Loewenstein ftud iCrissey (Van Nostrand^ 1911); “Centrifugal Pumps,” R. L. Daugherty (MoOraw- 
Hill Book CkUnpany, Ino^ 1916); ‘Centrifugal Pumps,” J. W. Camion (Scott, Greenwood, 
London, 1921); “Modern Pumping and Hydraulic Machinery,” E. Butler (GrifGn, London, 
and also the various handboolcs. 
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centrifugal pumps. Improvements2i have be^n made in recent years in the 
adaptation of impellers to conditions of head and discharge, in ihethods xA 
balance, in lubrication, in the reduction of clearance, and in accessibility to 
the impeller. Under heads in excess of that assumed in design, efficiency 
and discharge of a pump will be lower; “at shut-off'' head, there will be 
no discharge. At heads lower than designed fpr, greater discharge and less 
efficiency, but not necessarily less power consumption, result. 



Fi({. 205. — Fyph-al section of DeLaval single-stage, double-suction centrifugal 
pumps of -small and moderate size;. 

Volute-type (termed ^^non-diffuser" and also “centrifugal") pumps are 
used for heads below 100 or 150 ft. The water leaves the impeller in a direc- 
tion causing friction losses which become important under high heads. The 
casing is in the forrn of a spiral, or volute, in order that the pump may dis- 
charge around the entire circumference and also that some of the Velocity head 
may be converted to pressure head. This type costs less than the turbine, and 
has a greater use. It is less efficient than the turbine type and is recommended 
only for large volumes at low heads. 22 

Turbine-type centrifugals arc us(kI for higher heads and are characterized 
by constant cross-section of casing, and by diffusion vanes f external to the 
impellers which discharge the water tangentially to the casing so that friction 
is minimized. Tlie slender vane edges, essential to high efficiency, readily 
bend, batter, and erode, thus lessening their effectiveness. Diffusion vanes 
should be smooth and easily replaceable.* These pumps suffer somewhat in 
efficiency when operated below rated head and speed, as changed conditions 
increase the obstruction that the diffusion vanes offer to water; some makers*® 
of both types state that changes in operating conditions affect one type as 
much as the other. Turbine pump requires fewer stages than the volute 
type to deliver water against high heads. The small waterways promote 
choking. Turbine pumps are heavier thaii volute, and cost more, but aje 
more efficient if properly proportioned. - 

Specifications covering design, equipment, installation, and operation ^ 
centrifugal pumps for fire service have been issued by National Board of Pire 

*8ee York,/. /l. TT. W. Vol. 5 , 1918,p, 118. ' 

f Recent designs favor double suction in preference to diffusion vanes. 
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Underwriters (1915) and Associated Factory Mutual Fire Insurance Com- 
panies (1923). 

Advantages.^ Low first cost and operation cost; excellent durability; 
small weight; compactness; low cost for foundations and house; simplicity in 
design and operation; quick-starting; steady flow; high speed for direct connec- 
tion to high-speed drives; starting torque rarely exceeds 30 per cent, of normal 
full-load torque; but one moving part; freedom from shock; pressure not exces- 
sive in case of stoppage;* low rate of dej^reciation; operation in parallel for 
quantity, or in series for pressure boosting. 

Disadvantages. To obtain high pressures, multi-staging is necessary; less 
flexibility; necessity for priming; efficiency is lower than that of a good 
reciprocating pump; direct connection to low-speed engines not possible for 
high-pressure pumping; many operators are more familiar with recix)rocating 
pumps*; above 150 hp., centrifugals cannot equal in duty the modern triple- 
expansion pumping engines, 24 coupled with the latest-type steam engines, but 
are cheaper to run, particularly for intermittent service; rate of dischargjB 
cannot be efficiently regulated for wide ranges in duty; will not operate with 
slight leakage into the suction; other types of ])um])s handle higher suction 
lifts more efficiently; will not operate efficiently wheie there is a constant varia- 
tion in pumping head;23 the high si)eed requires accurate balance and fre(|uent 
attention to bearings; in case of break in line, ])ump may race and damage the 
motor; they lack the convenience of cylinder pumi)s for gaging the (luantity 
pumped. 

Series and Parallel Operation. Two single-stage pumps, each of a capac- 
ity of 500 g.p.m. against 75-ft. head will, if connected in series, deliver 500 
g.p.m. against 150-ft. head, or, if connected in parallel, deliver 1000 g.p.m. 
against 75-ft. head. If two pumps discharge into the same main, their charac- 
teristics shoqld be the same or one jHimp may be cut# out altogether. In 
plant at Edmonton, *4 twin-series pumps oi)erate singly at 900 r.p.m. to deliver 
7000 g.p.m, against 110 lb. pressure, and in case of fire are put in series to 
deliver 7000 g.p.m. against 100 lb. 

Horizontal vs. Vertical. Horizontal pumps liav(^ higher efficiencies, can 
be more easily direct-connected with motors or prime movers, and cost less. 
Difficulty of maintaining the alinement of vertical pumps makes tliem inadapt- 
able to high speeds. Vertical-shaft pumps operate on heads of 30 to 50 ft. per 
stage.2i The practice of using a single stage for heads as high as 90 ft. was 
discarded as impracticable, on account of the effect of the excessive speeds 
required on the vertical shafts. Where there is a large fluctuation in water 
level, there may be troubles in priming a horizontal pump. To minimize 
priming troubles, pumps are often placed in “dry wells'' below the level of low 
water in the suction well. “Dry wells" are commonly damp; motors will 
deteriorate under such conditions. If vertical pumps are adapted for such 
conditions, economy results both from the smaller size of the “dry well" and 
the longer life of the motors. Vertical pump requires only suspension thrust 
bearing ; if placed above the vertical motor, it is readily accessible. 

Stages. The velocity imparted to the water determines the height to 
which it can be raised. Naturally, there are mechanical limits to the r.p.m., 

* Throttling discharge merely decreases flow without mateiially increasing load. 
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which determine pumping heights. To overcome this, several pumps are 
installed on one shaft, the suction level of the second pump being at the pres- 
sure head against which the first pump is working. The second pump 
impresses an additional pressure head, and so on through as many stages as 
required. Single-stage pumps are made with single or double suction, multi- 
stage with single suction only. A single-stage pump should not be used much 
above 100 ft., although one delivered 21,000 g.p.m. against 412-ft. total head 
at Lynchburg, Va.,25 and was cheaper in first cost than a three-stage- volute 
or a two-stage turbine pump. For fire service, National Board of Fire Under- 
writers specifies not less than two nor more than four stages. 

Casings. Pumps above 3 in. have cases split along center line, with all 
pipe connections and shaft bearings in lower half, thereby permitting access to 
running parts on removing top half of casing. Turbine pumps not split along 



Fig. 206. — Worthington 8-incli, 2-stage turbine pump, Underwriter Fire Service. 

a, non-throttling orifice. 


center are likely to rust, so preventing removal of diffusion rings and guide 
passages. • 

Impellers should be bronze to avoid corrosion; gun metal (88 per cent, 
copper, 10 per cent, tin, 2 j)er cent, zinc) is recommended. In order to reduce 
skin friction and surface eddying, impellers should be machined both inside 
and out. Inaccessible interior surfaces should be scraped and draw-filed to 
as high a polish as practicable. Impellers should be statically balanced by 
testing with knife edges, and their centrifugal balance made sure by idle 
rotation at rated speed. Sides of impellers on water pumps* should always 
be closed to avoid friction of water with pump casing, and to afford an actuat- 
ing force to all water by eliminating clearance at side of vanes. Vanes should 
always be fitted to templets to insure accuracy of angle and balance. In 
Ro turbo pumps, of which Rees26 and Manistee are typical, the impeller has the 
form of a large-capacity drum, to form a pressure chamber to generate pres- 
sure head directly. 

Impeller Packing Rings. Figure 207 shows the two types in common use. 
Econotnical results are obtainable from both. Packing rings should be hard 
bronze. One prominent manufacturer uses a composition (5 parts tin, 1 part 
copper) which is said to have been selected after careful experiment. 

Shafts. Impeller shafts should be steel, if quality of water to be pumped 
permits, or bronze for salty, acidulous, or alkaline water. Steel shafts should 

* Sewage pumps require open impellers. 
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be bronze-jacketed always, for protection against corrosion and to permit 
repairs; they should be of high-strength steel to stand the stress,, and especially 
to afford rigidity in pumps of high rotation. Shafts and shaft jackets should 
be provided with straight keys to rotate impellers; should be so made that a 
nut holds impeller against a shoulder to prevent impeller from drifting along 
the shaft ; should have collars near ends of bearings to clear off oil by centrifugal 
force and prevent it from creeping out of bearing and wasting. 



A B 

Fig. 207. — Two types of impelh'r i)aekiiig rings. 


Bparings. Bearing sleeves should be easily removable without disturbing 
the other parts of the pump. All oil bearings should have ring oilers and deep 
wells to permit sedimentation. Interior bearings of hard bronze are placed 
between impellers and at bottoms of stuffing boxes; these are water lubricated 
only. Small pumps and large low-speed pumps arc frequently made with 
lignum vitae bearings with water lubrication; tliej'^ should be avoided, as they 
have proved unsatisfactory in service. The (quality of oil required is the same 
as for steam turbine. 

Thrust Bearings. A centrifugal pump is never wholly balanced against 
end thrust. Pumps with double suction and single outlet are nearest to this 
realization, but collars must be provided on shaft to keep impeller in proper 
position inside casing and to take thrust resulting from unequal flow of the 
two inlets and inequality of areas of passages. Liability to end thrust is 
greatest in the multi-stage classes. The latest development in theoretically 
balanced multi-stage pumps is the design of imiiellers with baffle rings front 
and back, with holes in the back of each impeller so as to eciualize the pres- 
sures. This remedy is only partially successful, as it can Ix^ used only in 
conjunction with a thrust bearing. To hold the pumj) parts in (correct relation, 
thrust bearings of the marine, ball, roller, and i)iston type? are all in successful 
use. In all types at least one orifice is between a moving member and some 
fixed portion of the pump. Such twifices should l)e bronze-lined for bearing 
purposes and to prevent scoring resulting from higli velocity. 

Bed Plates and Foundations.* Foundations should be of sufficient depth 
to. support the pump base rigidly, and should be located in accordance with 
the foundation plans of the pump, but sufficient allowance should be made for 
lateral adjustment of the bolts. Bed plates should be heavy, so designed as to 
support both pump and motor, and fitted witli dowels for their accurate 
alinement. Bed plates should be deep and provided with openings in the top 
through which concrete and grout can be admitted after alinement. By 
filling the interior, noise and vibration are materially diminished. When 
steam turbines or motors and pumps for large units are purchased from differ- 

* See **Macliiniery Foundation® and Erection,” by Croft (McGraw-Hill Book Company, Inc., 
J923). • 




ent manufacturers, the bed plates are frequently separate; if so, the foundalibii 
should be large. After the bed plates have been bolted in position, and aftei' 
the pump and motor have been placed in their final positions, the unit should 
be carefully tested for alinement by inserting a machinist's thickness gage 
between the coupling flanges and by making sure that the whole shaft revolves 
freely when coupled together. The bed plates should then be rigidly grouted 
in place and the pump and motor doweled to the bed plates. 

Fittings for Centrifugal Pumps. Since high velocity through the pump 
chambers is essential to efficiency of centrifugal pumi)s, the chambers are 
relatively small. To keep friction losses in the piping within reason, piping 
is of larger diameter, with incrcasers connecting to immp inlet and outlet.* 
These increasers are generally short, of special design to save space. Often 
room is gained by using an increasing quarter bend. Eliminate all bends 
possible in pi])ing; where pumps are in a pit, piping should be carried out at 
45° rather than vertically, as thereby one 90° bend is eliminated. Velocities 
in piping should be kept below 6 or 8 ft. per sec.®i 

Important Data for Pump Designers. Each impeller is s])ccial and great 
care must be exercised to furnish the j)ump builder with all imjjortant data: 

1. Number of ])umps required and nature of service. 

2. Is vertical or horizontal type of pump desired? 

3. Capacity required in g.p.m. (U. S. or imperial). 

4. Maxiinuin suction lift and distance from source of sui)i)ly. 

5. Length and size of suction and discharge pipes, giving number and kind 
of elbows. 

6. Total pumping head — suction and discharge head, plus pipe friction 
under worst conditions. 

7. If i)umping head is variable, what is maximum variation for both suc- 
tion and discharge? • 

8. If immp is located below source of supply, will it be submerjged or 
placed in a dry pit? 

9. Will pump be required to operate continuously? If not, at what inter-, 
vals? 

. 10. Nature of li(iuid to be pumped—hot, clear, fresh, alkaline, cold, gritty, 
salt, or acidulous; give temi)erature and specific gravity. 

11. If pump is to be driven with electric motor, give current characteris- 
tics; if direct current, give voltage; if alternating current, give phases, cycles, . 
and voltage; give type of electric control desired. 

12. If pump is to be steam driven, is reciprocating engine or steam turbine 
desired? Give steam pressure, superheat, if any, condensing or non-condens- 
ing; if condensing, give vacuum. 

13. If pump is belt driven, give speed and diameter of driving pulley, if 
possible. 

14. Give direction of rotation. 

Prime Movers, t Rotating speeds up to 1500 r.p.m., continuity of water 
flow, absence of shock and noise, and economy of space make centrifugal ptinapp 
particularly adaptable to motor drives.27 For driving by internal-combufe|i^;' 

* To deliver 400 g.p.m. through 300 ft. of 6-in. pipe will add to pumping charges $37l per 
over those with a 10-in. pipe. The larger pipe would pay for itself in a year.®^ 

t ^0 cdso p. 520, '■ 
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engine some form of speed-increasing gear is required. Where centrifugal 
pumps are driven by reciprocating engines, higher efficiencies can be obtained 
and cost of installation reduced by using high-speed pumps driven through 
speeding-up gears of the double-helical type .28 

Operation.* Since a centrifugal pump depends upon speed to deliver 
rated capacity against rated head, this speed should be maintained. Great 
care should be given the shaft stuffing boxes, especiall.y those on the suction 
end, to see that no air enters. When water-seal lanternsf are used in stuffing 
boxes, the gland bolts should bo drawn up tight at first and then released so 
that they will be fingertight and allow a small leak of water through tlie gland. 
This method secures long life for packing and redinies liability of cutting the 
shaft. So long as one can see water emerging from the stufling box, it is 
safe to assume that no air is entering.-* When throttling is necessary, use valve 
on suction side, as the power consumed is less than when tlu*. disc^harge valve 
is throttled, although the efficiency is decreased. Before starting new or 
unused centrifugal pumps, it is advisable to clean out tlu^ bearings thoroughly, 
including the thrust bearing, by pouring in kerosene and allowing it to run out 
at the bottom, as dirt is liable to get in during shii)ment or idleness. The 
bearings should then be filled as full as possible with first-class lubricating 
oil similar to turbine oil. In order to discover whether a punq) is operating 
under the conditions for which it was sold, very little invc'stigation is retpiired. 
The dynamic head is readily obtained by a vacnium gage on the suction side 
and a presvsure gage on the discharge; both at the pump openings. The sum 
of simultaneous readings of these gages jilus the vertical distance between tlieir 
centers gives the dynamic head. Sliould the water flow to the pump u/idor 
pressure, this pressure must be deducted from the discharge jnessurc and then 
the difference between the centers of the two gages should be added. 

Troubles, If, on starting a centrifugal piimj), after it^ias beem thoroughly 
primed, it is found that only a small (juantity is discharged or none at all, 
air is probably present due to defective su(;tion-pii)e joints or excessive suc- 
tion lift. Tight suction lines are essential. Tests at University of Pcnnsyl- 
vania2® showed that small percentage of air had little effect on efficiency, 
but a noticeable effect on cajmeity. Should the pump suddenly fail to 
discharge its full capacity, this trouble is due to the fact that the water in the 
suction well has receded lower than the suction lift, or the end of the suction 
pipe has become exposed. If the suction pi}>e is relatively small, thus having 
high velocity in it, its end need not be entirely uncovered, because air can be 
drawn down through the water by tin* whirlpools formed, and for this reason 
the bottom of the suction pipe should be at all times at least four diam. 
below the surface of the water. A haky suction pii)e must be immediately 
investigated and made tight. If a centrifugal pump discharges a fair quan- 
tity at its nozzle but fails to deliver the rated quantity under rated head, it is 
probable that the rotative speed is too low; the name plate should be consulted 
to make sure that the requirements called for are being fulfilled. Pumps 
should be opened from time to time to make sure that no foreign matter is 
lodged ip the impeller or passages and no undue corrosion is taking place. 

See also “Check Valves,” p. 451. 
t See p. 499, Stuffing Boxes. 
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Priming. A centrifugal pump will not operate until its pump case is full 
of water, f.e., all air is exhausted. Priming is accomplished in various ways. 
Where practicable, it is well to put the pump below the lowest level of the 
influent well, so that the casing fills by gravity. Even for such an installa- 
tion, mechanical priming is desirable, as a small air leak may interfere with 
pump operation. Priming may also be accomplished by some form of steam 
ejector, or by many patented devices.* Simplest way is to close the valve in 
the discharge and fill the system, when there is a foot valve on the suction 
pipe. In many cases, foot valves are not practicable nor desirable, and it is 
then necessary to close the discharge valve and x>rinie with a vacuum pump 
or ejector. When foot valves are used, it is necessary to sec that they are 
of the free-oi)ening, clapper tyj)e with area through the valve sufficiently 
great to avoid unnecessary resistance. After vacuum priming, jmmp may 
be brought to rated speed with discharge valve closed, and then pump put into 
service by opening discharge valve. Air or other gases in suction pipe or 
well will reduce delivery and efficiency. Care should be taken to eliminate 
air before it enters suction pijDe by using a system of baffling. 

Noise in Pumps. Noise in a centrifugal pump is an indication of impact; 
impact means poor design. Specifications should forbid noise, and the pur- 
chaser should require the builder to eliminate it, as it is an indication of wear 
on imi)eller and on casing. Noise of impact is a rattling and pounding, but 
should not be confused with the hum due to rotation at high speed. Objec- 
tionable noise may be caused by air in suction line or leakage through stuffing 
boxes. 

Dimensions. Floor space occupied varies widely with different makes. 
To indicate limits, not to endorse specific makes. Tables 144 and 145 are 
offered. Table 144 applies to Alberger one-stage pumj)s driven directly by 
motors; Table 145» to Cameron multi-stage pumps with turbine drive. 
Cameron Class and ^^ST^’ pumps. and will vary with the 

stage. The additions listed in Table 146 include the variation per stage and 
should be multiplied b}'' 2 for four-stage i)umps and by 3 for five-stage pumps. 

Relation of Capacity, Speed, Power, and Head. Theoretically, capacity 
produced by an imj)eller varies directly as peri})heral sliced; head produced^ 
as square of speed; and horsepower required, as cube of speed. 

Qa a ^ UK ^ PK 
Q, Nb HK Ph 

where Q is discharge at N r.p.m., against H4t. head, with required power P. 
Assume a pump (running most economically) is discharging 7000 g.p.m. 
(Q«) against 60-ft. head (Ha), at 800 r.p.m. (No) and consuming 140 hp. (Pa). 
How are the characteristics altered by increasing speed (Nb) to 950 r.p.m.? 

Qb becomes 7000 X = 8312 g.p.m. 

950* 

Hb becomes 60 X ^ 

950® 

Pb becomes 140 X = 234.3 hp. 

* Among these are Apeo, made by Automatic Primer Co., Chicago. 
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Fig. 208, — Dimensions of Alberger one-stage pumps (Table 144). 


Table 144. Approximate Dimensions, Single-stage Volute Pumps, Motor- 

driven (Alberg(jr) 



Size, inches 

Maxi- 

mum 

capac- 

ity 

G.iJ.ni. 



Dinu 

uision.s in 

inches 




Suc- 

tion 

Dia- 

charge 

A 

P 

0 

D 

E 

F 

G 

n 

I 

1 ^ 

Dimensions E and G, aro 
approximate, and will 
vary with size and make 
of motor. Do not use 
the.o dimensions for 
construction work. 

2 

4 

f) 

d 

8 

10 

12 

14 

Id 

18 

20 

22 

20 

H 

2 

3 

^ 4 

5 

6 

8 

10 

12 

14 

16 

18 

20 

24 

65 

100 

150 

250 

450 

7(i0 

1000 

1800 

2800 

4000 

5500 

7500 

9500 

12000 

18000 

6J 

71 

9 

82 

10 

llf 

13 

141 

171 

20 

22 

23 

24 
29 
32 

51 

6 

8 

71 

81 

02 

14 

151 

171 

20 

24 

28 

291 

30 

In 

'^1 

112 

112 

132 

142 

102 

52 

52 

61 

7 

8 
01 

102 

14 

i.''>2 

181 

201 

222 

251 

27 

3U 

6 

02 

61 

81 

9 

101 

11 

12 

12 

12 

14 

14 

252 
272 
302 
30 
34 2 
382 
44i 
461 
551 
60 
672 
721 
802 
88 
104 

461 

481 

54 

58 

641 

712 

792 

861 

101 

115 

123 

132 

146 

171 

180 

202 

20 

24| 

25 

30 

35 

38 

44 

55 

65 

71-2 

782 

m 

952 

120 

62 

xV 

122 

19 
221 
25 1 
28 } 
312 
352 
42 

61 

7 

81 

9 

101 

121 

141 

161 

18 

21 

24 

261 

291 

311 

36 


Specific speed 


Pumps of low specific speed are inher- 


ently of low efficiency (see Sherzer^s development in E. N, /?., Oct. 4, 1923, 
p. 561). 

Impeller diam. is fixed by peripheral velocity. A pump running too fast 
for the head generated cannot be efficient. There is a definite relation between 
shut-off pressure and working head that gives best efficiency ; this should be 
held within close limits. When pump is operated kt higher speed thj|n is 
consistent with conditicms, cavitation may be caused; resulting in erosion of 
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Fig. 200. — Dimensions of Cameron multi-stage pumps (Table 145). 


Table 145. Approximate Dimensions, Multi-stage Centrifugal Pumps with 
Direct -connected Driver (Cameron) 


Num- Suet, 
ber dia. 



22 |" 

2'-ir 

2'-4r' 

2'-71" 

2'-10J" 

3'-4r' 

4'-5" 


4'-7A" 

4'-9H" 

5'-4^" 

5'-7r' 

6'-5A" 

7'-()" 

8'-2r' 

10 '- 8 |" 

12'-2i" 

13'-8" 


2'-0i" 

3'-5i" 

3'-5r' 

4'-0" 

4'-0" 

4'-0" 

5'-6"' 

7'-0" 

8 '- 0 " 

lO'-O'' 


Table 146. Additions per Stage, Table 145 


Size 

Add to “D” and “I” 
per stage 

Size 

Add to “D” and “I” 
per stage 

2 \ 

4 " 

10 

10 " 

3 

4J" 

12 

12 " 

4 

5i;; 

14 

14i'' 

5 

6 " 

16 

16 " 

.6 

7 " 

18 

18 '' 

8 

8i" 
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impeller. Excessive speed also tends to destroy bearings and to ca^se 
^‘fatigue’* breaks •of the shaft. 

Brake Horsepower , Having given the g.p.m. and head in ft., connect 
scales A and B (Fig. 210) by a line and mark the point of intersection with 
reference line Y. From this point connect with that point on scale D corre- 
sponding to the assumed efficiency, and read brake horsepower on scale E, 

Probable Efficiency, Place ruler across given values on scales A and B 
(Fig. 2J.1) and mark point of intersection with base line X, From this point 
place ruler to' pass through given value on scale C, and read specific speed 
from scale Z, With specific speed and g.p.m. determined, ascertain probable 
efficiency from Fig. 212. 


specific Speed 



Fig. 212. 

(Karle (Jear & Macliine Co.) 


Pump Characteristics. Relation between head, capacity, speed, and horse- 
PQwer required to drive a centrifugal purnj) can be expressed by curves plotted 
either fi^om calculations or from test data; these curves represent the character- 
istics of the particular impeller chosen.* Without altering the pump casing 
to any great extent, any one of a variety of impellers each having separate 
and distinct characteristics may be used, so that for any given size of pump, 
capacity may remain constant, while head, speed, and horsepower required 
are varied over a wide range. Typical characteristic curves are shown in 
Fig. 213. In these curves, capacity, total head pumped against, electric 
horsepower, and efficiency are all shown when the pump is operating at a 
constant speed. For instance, the capacity required is 40 m.g.d.; a vertical 
line from 40 on the bottom scale intersects the- curves, at ordinates corre- 
sponding to total head pumped against of 224.6 ft.; electric hp. required to 
operate of 1960, and puipp efficiency of 82 per cent. This is not efficiency of 
♦ See Sher*ery ^»^ method efficiency, E. N. -R.. June 30, 1921, p. 1114. 
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the unit (termed ^'wire to water” efficiency for electric drive) but mean^tbat 
a motor which will be capable of delivering at least 1960 electric hp. at the 
shaft will be required, and that 82 per cent, of this electric horsepower will 
converted into water horsepower by the pump. With some impeller desighs, 
horsepower required when operating against heads lower than that for which 
the pump was designed increases so rapidly that serious damage may be 
done to the driving motor, especially if the motor is of the constant-speed 
type, while with others it is possible to reduce the operating head to a mini- 
mum without overloading the motor beyond the safe limit allowed by motor 
builders. The latter condition exists in fire pumps, where variation in num- 



Fig. 213. — Chanictt'ristic. curves of 3()-inch Worthington Volute pump. Constant 

speed, 015 r.p.in. 

(Oflicial test of Montreal pumps, Jum;, 1921.) 


ber of streams or bursting of hose would be disastrous, unless the impeller 
were designed for such emergencies. 

Characteristic curves should be studied in arriving at size of motor. In 
Fig. 213, for instance, the jiump requires approximately maximum horse- 
power at point of maximum efficiency, and a motor selected for normal oper- 
ating conditions could not be overloaded. Were the high point of the power 
curve to fall well to the right or left of the high point of the effici^cy curve, 
it would be possible at times to overload the motor, and a size to meet theei^ 
heavier conditions should be selected. 

Efficiency, In Fig. 215 are curves showing relation between maxj&um 
efficiency and capacity of volute pumps. As this includes all fizes and qtlan- 
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titles, it cannot be taken as an average, but is true when head and speed 
are in their best relation. Figure 214 goes further into detail and shows the 
relation of quantity, speed, and efficiency for 6-, 8-, and 10-iii. double-suction, 
single-stage volute pumps. The dividing curve is in each case common to 


im 


sas 




nriiss 


imwii 




iiSS 


mwi 


IfSi 






irnsmm 




mi 


i88Bi 

SB8S 


iiiliai 


laiaK!- 

laaasi 

n 

I! 




Oals. pcrMm 

Fig. 215. — Curves showing relation between maximum efficiency and capacity. 

4r 

pumps on either side. Each manufacturer of centrifugal pumps has a stock 
line which is usually not modified for speeds other than that for which their 
impellers are designed; the customer is therefore furnished a pump which 
would be more efficient if the speed were better related to head. 
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Efficiency varies with the capacity. A small change in the speed under 
constant head has a marked effect on the efficiency and less effect on the 
capacity. Constant spee.d is desirable (see p. 491). In small sizes, dispro- 
portionate water-friction losses reduce the efficiency. Efficiency varies from 
30 to 40 per cent, in small pumps up to 75 to 85 per cent, in large. Consult 
manufacturers' rating tables. For power requirements, reduce these figures 
by efficiency of driving unit. Motor-driven centrifugals have shown a com*- 
bined efficiency as high as 82 per cent.^ 

Performance. Centrifugal pumps with electric drive are often purchased 
on performance specifications. See Minneapolis requirements in J, A, W, 
W, A., Vol. 7, 1920, p. 88. 

STEAM TURBINES* 

Use in Waterworks. The steam turbine has been developed into a most 
economical mechanism for driving large centrifugal pumps; combination is 



Fig. 216. — Type N, General Electric Turbine. 

known as a ‘Hurbo-ceptrifugal." It is the exclusive prime mover in many 
large pumping stations. It combines maximum efficiency of power transmis- 
sion with simplicity, compactness, reliability, and small weight. Turbines 
are admirably adapted to high steam pressures, high superheat, and high 
vacuum. Boiler-room economies will benefit turbines more markedly than 
they will reciprocating engines. For pumping small volumes against high 

♦Steam-turbine manufacturers include De Laval Steam Turbine Co.; Midwest Engine 06^ ; 
General Eiectric Co. (Curtis); Kerr Turbine Co.; Westinghousc Co. (Parsons); Moore Steani Tur- 
bine Co. 
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heads where exhaust steam can be utilized and low steam consumption is not 
of great importance, centrifugal pumps can be connected directly to, and run 
at same speed as, turbines. Under other conditions speed-reducing gears 
must be employed whereby turbine and pump are each operated at most 
efficient speed. (Centrifugal pumps run at excessive speeds, do not conform 
to their hydraulic design, and give poor mechanical performance.) A steam 
turbine can be operated under greatly varying conditions due to change in 
steam pressure, superheat, and vacuum (see Fig. 218). 

Regulations covering steam turbines driving centrifugal fire pumps have 
been issued by National Board of Fire Underwriters and Associated Factory 
Mutual Fire Insurance Companies, 1923. Specifications should require a 
bidder to submit list of successful installations, of design and size comparable 
to those on which bids are to be received. 



Fig. 217. — Wcstinghousti impuLsc-rcactioii turl)ine. 


Types. For waterworks, all types arc used with the exception of the com- 
plete reaction turbine, which on account of its nature is recpiired to be of large 
size and power. In the impulse type, Fig. 217, expansion of steam takes place 
almost entirely in the stationary nozzles, and impinging of steam on the 
revolving buckets gives the driving torque. In the reaction turbine. Fig. 
216, approximately one-half of the expansion in any stage takes place in 
the stationary buckets, imparting to the steam a velocity substantially 
equal to that of the moving buckets, so that it enters them without impact. 
Further expansion takes place in the moving buckets, the spaces between* 
which gradually grow smaller from the inlet to the exit side, forming a ring 
of moving nozzles. Velocity imparted to the steam by expansion in the 
moving buckets produces a reactive effort on these buckets, which turns the 
rotor. This effect is similar to that produced by water issuing from a hose 
nozzle. 
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In the impulse-reaction turbine, steam is expanded iii nozzles and dis- 
charged against a portion of the periphery of the impulse wheel* Inter- 
mediate and low-pressure stages are the same as in the ordinary rea-ction 
type. Substitution of the impulse element for the high-pressure section of 
reaction blading is made only in high-pressure stages of machines in which 
blades are short. The reason for this is that the clearance at the end of the 
unshrouded blading represents a relatively large ratio to the area through the 
blades, and it has l)een found impracticable to use shroud rings on buckets of 
small section. The unsliroudcd blades allow steam to spill over the ends, 
which, in short buckets, may be an excessive waste. 

Figure 217 shows the Westinghouse impulse-reaction turbine. Steam is 
admitted from the governor to expanding nozzles which extend through a 
portion of the circumference. From these nozzles the steam passes through, 
rotating buckets, then to stationary buckets, and again to rotating buckets, 
after which it enters a space extending entirely around the machine, from 
which it enters the first stage of the reaction blading. Expansion takes place 
through a sufficient number of stationary and moving buckets until final 
vacuum volume is attained. Labyrinth packing is used betwen the inter- 
mediate pressure and the vacuum to reduce steam ])ressure on the stuffing 
box at entrance end of machine. This i)rinci])lc is used in the manufacture 
of most turbines. 

Merits. Small buildings; light foundations; light crane service; the only 
rubbing parts are in the l)earings; simplicity of (jonst ruction; great reliability; 
low cost of rei)airs, attendaiujo, and operation; oiler attendant unnecessary; 
automatic oiling. A less efficient engineman may be employed, with con- 
sequent saving in wages. 

Turbo-centrifugals vs. Reciprocating Pumps. Turbo-centrifugals require 
less floor space, less attendance, lighter foundations, and smaller buildings. 
They better utilize high vacuums and have less oil consumption. They are 
more adaptable to a greater range of steam pressures and vacuums. Under 
favorable steam conditions, turbo-centrifugals will equal or surpass in overall 
economy the vertic^al triph'-expansion flywheel pumping engines. 7 The life 
of both. is placed at 25 years by Waller, although some have claimed 10 to 20 
years for turbines, and ilO to 40 for the flywheel pumj)s.4ia 

Cast steel should b(^ used in all parts of valve bodies, steam chests, turbine 
cases, -and wherever subjected to superheat^ to withstand the pressures and 
temperatures. 

Stuffing Boxes. Various metallic and fibrous packings, excellent for 
reciprocating rods, are not satisfactory for stuffing boxes on steam turbines. 
Packing in a steam turbine is subjected to a low pressure, the difference 
between pressure of the atmosphere and exhaust from the turbine, or some 
intermediate pressure slightly above atmosphere and atmospheric pressure. 
As a rule, the office of the packing is to prevent air leaking into the turbine, 
rather than steam escaping from it. Labyrinth packing, into which is 
admitted a jet 6f steam, or preferably 'water, of sufficient pressure and volumo 
to exclude the air, is best practice. 

Economy. Efficiency of turbine will vary from 64 to 74 per cent., of geirt 
97.5 to 99, and o£ large pumps, 80 to 86. Puties of 100 million ft.-lbi^ 
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100 Ib. of steam were considered good in 1912; in 1922 the guaranteed duty 
had been raised to 200 million ft.-lb. for favorable operating conditions. 
Figure 218 is plotted to show the economies of present-day turbines (average). 
A 1200-hp. turbine designed for 50°F. of superheat, 27-in. vacuum, initial 
steam pressure of 200 lb. per sq. in., and 3 ])er cent, moisture will require: 

11.86 (from curve) X 1.052 (upper table) X 0.968 X 1 06 = 12.743 lb. of 

steam per brake hp. per hr. 

While a 1200-hp. steam turbine designed for 300°F. of superheat, 200-lb. 
initial steam ])ressure, 29-in. vacuum and 1 per cent, moisture will require 

11.86 X 0.823 X 0.910 X 1.02 - 9.061 lb. 
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There is marked economy, therefore, in increased pressure, temperature, 
and vacuum, and it is important to select values as high as possible. 

The turbine^* gains about 1 per cent, in economy for each 10°F. of super- 
heat, and about 8 per cent, for an increase of vacuum from 28 to 29 in. mercury 
referred to a 30-in. barometer; whereas the reciprocating engine receives 
little, if any, benefit from increase of vacuum above 28 in. The turbine, also, 
can be coordinated with auxiliary units to better advantage to secure heat 
balancing and maximum plant heat economy, as by withdrawing steam 
from the intermediate stage of the turbine to heat boiler-feed water, or by 
utilizing to the fullest advantage in the turbine the steam exhausted from 
auxiliaries. 
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At present the maximum steam pressure used for waterworks steam- 
turbine units is about 300-lb. gage and the highest steam temperature 625®F. 
The pressure and temperature are not so high as those used in connection with 
large electrical generating plants, and it is, therefore, possible to assume that, 
in the future, waterworks engineers will consider higher pressures and tem- 
peratures than the ones given above. The condenser equipment should, 
always be selected to give the highest economical vacuum for existing 
conditions. 

The 30-m.g.d. centrifugal pumping unit of Mt. Royal, Baltimore, devel- 
oped on test 170 million ft.-lb. per 1000 lb. of steam, when delivering 45 
m.g.d. against 180-ft. head, under a steam pressure of 172 lb., superheated 
53®F., and a vacuum of 28.9 in. 

With coal around $6 per ton, and average pumping of 10 m.g.d. and over, 
steam turbine will ordinarily (1923) show the best duty per dollar of annual 
charges. 7 

Table 147. Some Turbo-centrifugal Plants (1924) 


Place 


Delivery gsiLs. 
I)(‘r day 

Ft. head 

Pittsburgh, Pa 

1 unit 

100,000,000 

56 

Cleveland, Ohio 

1 unit 

30,000,000 

260 

Cleveland, ‘Ohio 

2 units 

100,000,000 

50 



60,000,000 

50 

Omaha, Neb 

1 unit 

30,000,000 

90 

Lynn, Mass 

15, 000, 000 

13,000,000 

134 


(combination 

2,000,000 

244 


pump 



Indianapolis, Ind 

1 unit 

6,000,000 

338 

Philadelphia, Pa 

2 units 

20,000,000 

330 

Philadelphia, Pa 

1 unit 

25,000,000 

279 

Philadelphia, Pa 

1 unit 

35,000,000 

201 

Toronto, Can ». 

2 units 

24,000,000* 

270 

Toronto, Can 

1 unit 

24,000,000* 

60 

Toronto, Can 

1 unitf 

20,000,000* 

270 

Toronto, Can 

1 unit 

10,000,000* 

270 

San Antonio, Tex 

2 units 

6,500,000 

273 

St. Louis, Mo 

1 unit 

20,000,000 


Youngstown, Ohio 

1 unit 

8,640,000 ! 

335 

Youngstown, Ohio. 

3 units 

1 8,640,000 

350 

New Haven Water Co 

1 unit 

1 15,000,000 

125 

So. Pittsburgh Water CV) 

1 unitj 

8,000,000 

407,5 

Baltimore, Md 

1 unit 

30,000,000 

190 

Omaha, Neb 

1 unit 

50,000,000 

280 

Chicago, 111 

1 unit 

75,000,000 

165 - 

Lansing, Mich 

2 units 

20,000,000 

200 

Wilmin^on, Del 

1 unit 

12,500,000 

275 

Wilmington, Del 

2 units 

8,900,000 

146 


Turbines at Rock Lsland, 111.; Atlantic City, N. J.; and Bay City, Mich. also. 

* Imperial gal. (see p. 815). 

t Guaranteed duty, 118 million ft.-lb.; duty during test over 130. 

^Guaranteed duty, including auxiliaries, 100 nulliou ft.-lb. per 1000 lb. at cam at 120 Ib. ;no 
superheat; 28-in. vacuum. 


MISCELLANEOUS TYPES 

Non-pulsating pumping engines are used on wells. The water column 
never comes to rest as in other types of well pumps; this renders the pumi> 
practically free of pulsations, except those caused by the motor or gas-engine 
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drive. An efficiency of 80 per cent, is claimed for Luitwieler pumps by Luit- 
wieler Engine Co., Rochester, N. Y. Pomona Pump, Union Iron Works, 
Inc., Kansas City, Mo., has two pistons in the well, the drive rod of one being 
inside the drive tube of the other. St. Johns, Mich., has one in operation; 
a few months’ experience indicates saving over air-lift of over 3 tons of coal 
per month when pumping 235 g.p.m. 

Pneumatic water-supply systems* supply water under pressure, eliminat- 
ing elevated tanks (see Chapter 23), chiefly in small isolated installations, 
for rural homes and institutions. Water is pumped by hand or power into an 
airtight tank, where the air is compressed by the incoming winter, to the pres- 
sure desired. Advantages are: tank may be out of sight within the building 
or buried; water is under better temperature conditions than in an elevated 
tank. An air compressor is generally included in a pneumatic installation 
to supply deficiency of air lost by absorption. Tanks liave an output of 10 
to 350 g.p.m., at pressures up to 115 lb. per sq. in. Tests at Purdue32 on 
farm’ installations of capacities of 100 to 200 gal. per hr. involving a displace- 
ment pump and compression tanks showed overall cfliciencies of 15 to 25 
per cent., average, 17.5. 

Pressure Tanks. Capacities range from 115 to 23,600 gal. Tanks range 
in size from 24-in. diam. and 5 ft. long to 120-in. diam. and 40 ft. long. J. 
B. Morrow, Oakland, Cal., publishes tables for finding contents of partly 
filled cylinders with both flat and bulged heads.^is largest tank that 

can be shipped complete is .10 ft, 6 in. in diam. by 40 ft. long.^*^ 

Hot-air engines have large size compared to steam engines, and low 
efficiency. They have wide use for small isolated plants. Donkin^^ gives 
fuel consumption in early British types as 1.8 to 4.2 lb. of coke j^er i.hp. per hr. 

The “fteeco” Rider^^ and ^^Reeco^^ Ericsson hot-air j)umping engines may 
be used in connection with pressure-tank systems a:* well as with elevated 
storage tanks. For shallow wells, where pump is attached to cylinder of 
engine, and for domestic use where daily consumption is small, and pressures 
from 25 to 75 Ib., Ericsson t 3 q)e proves economical. 

Hydraulic rams,t generally used where there is al)undancc of water but 
under low head, to lift a small quantity against a high head, operate by impulse 
imparted to the lifted water by a suddenly closed valve — the water-hammer 
principle. Chief disadvantage is noise of the continual pounding. Insertion 
of a piece of hose in the discharge line and provision of an additional air 
chamber is claimed by Kirchoffer to mitigate this nuisance.^s Mechanically, 
the ram is the simplest, most efficient, most durable, and least expensive self- 
contained small pumping unit. Its chief field is for country homes, but it has 
been used for supplying railway tanks. The advantages over windmills are 
safety from storms, dependability, and no lubrication. (Oiling of windmills 
requires dangerous climbing of towers.) 

It combines functions of motor and pump, and must be so considered in 
comparisons of efficiency. In 1895 D. W. Mead designed for West Dundee, 

* Makers include Chicago Pump Co.; Kewanee Private Utilities Co.; Deming Co.; Lancaster 
Ironworks. * -r. . ^ 

t Makers include Rife Automate Engine Co., New York: Riimsoy Pump Co., Seneca Falls, 
N. Y.; Hill Hydraulic Machinery Go., Seattle, and, Walworth Mfg. Co., New York, Ellswprth 
ram is described in E. Y., July 27. 1016, p. 164. 
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III, a ram with 43-ft;. drive head and 2200 ft. of 10-in. cast-iroir drive pipe, 
which is still operating successfully. S. B. Hill designed a waste valve which 
eliminates exhessive hammering on seats, so that rams can act under higher 
heads. It is a balanced valve with downward discharge having 1-in. maxi- 






Fig. 219. — Two methods of securing fall for hydraulic rams. 


mum movement. A Sterling 10-in. ram was tested at University of Washing- 
ton; valve opening was f in.; strokes per min. ranged from 44 to 97; quantity 
pumped, 0.1 to 0.8 cfs.; additional water used for power (‘Svasted^O, 0.8 
to 1.3 cfs.; supply head, 50 ft.; iHunping head, Ol to 278 ft.; delivery head, 



Fig. 220. — Cross-sectional elevation of hydraulic ram.«* 


111 to 327.6 ft.; average efficiency, by D^Aubisson^s rule, 89 per cent.; by 
Rankine^s,. 85 per cent. No difficulty should be encountered in operating 
under supply heads of 1 to 100 ft. and delivery heads of 5 to 500 ft.3« Rif^ 
recommends use where supply water exceeds 3 g.p.m., and head 3 ft* 
of i2-m. Hill ram in Maple Leaf Pumping Station, Seattle, under 48-ft. p^wer 
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head and 131-ft. pumping head, gave efRciency, by D'Aubisson’s formula, 
of 90.8 per cent., when delivering 0.56 cfs. and 82.3 per cent, for 1.08cfs.37 

Efficiency. D’Anbisson’s formula for calculating efficiency is 

^ Q.(H + If.) 

Q is cfs. flowing in drive pipe; Q. is cfs. flowing to standpipe through dis- 
charge* pipe; H is height (in ft.) from escajict valve to level of reservoir 
which feeds drive-pipe; 11. difference in level (in ft.) of water in suppty reser- 
voir and water in standpipe or other receiving vessel, llaiikine's formula: 

^ . 

{(} - Q^)li 



D’Aubisson\s is correct, considering mecliariism as receiving energy at one end 
and delivering it at other, while if machine is considered as elevating wat(‘r 
only from one reservoir to other, Rankine’s is correct. 


Table 148. Data on Hydraulic Rams (Rife)^® 


Number 

Dimensions 

• 

Size of 
drive-pipe, 
in. 

Size of 
delivery 
pipe, in. 

Gals, per min. 
required to 
oxierate 

Least fall 
recom- 
mended, 
ft. 

Weight, 

lbs. 

Height, 
ft. in. 

L(;riKth, 
ft. in. 

Width, 
ft. in. 

Min. 

Max. 

10 

2 

2 

2 

10 

1 

0 

U 

i 

2 

0 

3 

150 

15 

2 

2 

3 


1 

0 

U 

i 

6 

12 

3 

176 

20 

2 

6 

3 

3 

1 

2 

2 

1 

8 

18 

3 

225 

25 

2 

5 

3 

4 

1 

3 

2i 

1 

12 

28 

3 

250 

30 

2 

7 

3 

7 

1 

3 

3 

U 

20 

40 

3 

276 

40 

3 

7 

4 

9 

1 

8 

4 

2 

30 

76 

4 

600 

60 

4 

8 

6 

0 

2 

3 

6 

3 

76 

150 

4 

1200 

80 

6 

4 

7 

0 

3 

0 

8 

4 

160 

300 ' 

4 

2200 

120* 

8 

9 

8 

4 


v8 

12 

5 

375 

650 

4 

3000 


* See example in Table 149. By using "Batteries” unlimited quantity can be delivered. 

• Same as delivery pipe.' 
t Same as waste valve. 
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Table 149. Delivery of Hydraulic Rams, Gals, per Day 


Power 



Pumping head, ft 








head, ft. . 

4 

10 15 20 30 

40 

•50 60 

70 

80 

90 

100 

120 

140 

160 

180 

200 

2 540 

192 128 96 64 

43 

29 24 










3 

301 192 144 96 

72 

58 43 

37 

27 

24 







4 

432 256 192 128 

06 

77 64 

55 

43 

38 

29 

24 





6 

540 345 240 160 

120 

96 80 

69 

60 

53 

43 

30 

26 




6 

432 302 192 

144 

115 96 

82 

72 

64 

57 

43 

31 

27 

24 


7 

505 378 235 

108 

1.34 112 

96 

84 

75 

67 

60 

36 

31 

28 

25 

8 


192 

154 128 

110 

96 

80 

77 

64 

55 

43 

38 

29 

9 

485 300 

216 

173 144 

124 

108 

96 

86 

72 

62 

54 

43 

39 

•10 

540 360 

252 

*192 160 

137 

120 

107 

96 

80 

68 

60 

63 

43 

12 

430 

301 

230 192 

165 

144 

128 

115 

96 

82 

72 

64 

67 

14 

505 

353 

270 224 

192 

168 

150 

135 

112 

96 

84 

75 

67 

16 


432 

323 257 

220 

192 

171 

154 

128 

110 

96 

85 

77 

18 


, 486 

390 303 

,247 

216 

192 

173 

144 

124 

il08 

96 

86 

20 


540 

430 336 

288 

240 

214 

192 

160 

137 

120 

107 

96 

22 



475 370 

303 

264 

235 

212 

176 

151 

i:i2 

118 

105 

24 

• EXAMPLE 


520 405 

346 

288 

256 

230 

192 

164 

144 

128 

115 

1 26 1 .With supply of 700 gals, per 

470 

375 

328 

278 

250 

208 

178 

150 

139 

125 

28 

10 It. fall, 50 ft. 

eleva- 

505 

430 

3.54 

300 

269 

224 

192 

168 

149 

134 

1 30 non, 

JN o. 120 engine will deliver 


465 

405 

336 

288 

240 

200 

ISO 

160 

144 

, 134.400 gals, per day: 












1 • 

rOO X 192 » 134,400 












Pfmcr head X 40 X 24 
I’uiiiping head 


Multiply factor opposite “pow(ir head” 


“pumping head” by number of gal. per min. used by imgiiie and result will be luiinlxT of gal. 
delivered per day. Efficiency is governed by ratio of fall to pumping head; 75 pcjr cent, for ratio of 
1 to 2^; 70 per cent, for ratio of 1 to 11; GCJ per cent, for ratio up to 1 to 18; 60 per cent, for ratio up 
to 1 to 23; 50 per cent, for ratio up to 1 to 30. 


Windmills.* Horsepower of windmills of best construetion is proportional 
to squares of diam. and cubes of velocities; lV)r example, a 10-ft. mill in a 
16-ini. breeze will develop 0.15 Iq). at 05 r.p.rn.; and with same breeze: 20-ft. 
mill, 40 rev., 1 hp.; 25-ft. mill, 35 rev., If hp.; 30-ft. mill, 28 rev., 3| hp.; 
40-ft. mill, 22 rev., 7^ hp.; 50-ft. mill, 18 rev., 12 hp. 


Table 160. Capacities of Windmills, Gals, per Minute^® 


Designa- 
tion of 

Velocity 
of wind 

Revolu- 
tions of 

Elevation, 

ft., raised 


Equivalent 

actual 

mill 

iin miles 
per hr. 

wheel 
per min. 

25 ft. 50 ft. 

75 ft. 

100 ft. 

1 150 ft. 200 ft. 

useful hp. 
developed 

8i 

16 

70-75 

6.192 3.016 



1 

0.04 

10 

16 

60-65 

19.179 9.563 

6.638 

4.750 


0.12 

12 

10 

55-60 

33.941 17.952 

11.851 

8.435 

5.680 

0.21 

14 

16 

50-55 

45.139 22.569 

15.304 

11.246 

7.807 4.998 

0.28 

16 

16 

45-50 

64.600 31,654 

19.542 

16.150 

9.771 8.075 

0.41 

18 

16 

40-45 

97.682 52.165 

32.513 

24.421 

17.485 12.211 

0.61 

20 

16 

35-40 

124,950 63.750 

40.800 

31.248 

19.284 15.938 

0.78 

1 25 

16 

30-35 

212.381 106.964 

71.604 

49.725 

37.349 26.741 

1.34 


Increase in i)ower from increased velocity of wind is c(iual to square of its 
proportional velocity; for example, the 25-ft. mill rated above for a 16-mi. 
wind will, with a 32-mi. wind, produce 4 X If = 7 hp. A windmill will run 
and produce work in a 4-mi. breeze (Table of wind velocities on p. 826). 
Marks' gives theoretical hp. = 0.000005247 where D is maximum 

diam. of wheel, in ft., and W is wind velocity, mi. per hr. Tests at Dodge, 
Kan., "6 indicated an efficiency of 14.^ per cent., for an Aermotor when 
D = 16 and F = 20. 

♦Among makers are U. S. Wind Engine & Pump Co.; Appleton Mfg. Co.; and Challenge Co. 
—all of Batavia, 111. — A. J. Corcoran, Jersey City; Jackson Iron Works, San Francisco; Aernteter 
Co., Chicago. 







S06 WATERWORKS HANBBOOK 

STEAM BOILERS^ 

Boiler horsepower, according to standard adopted by A. S. M. E., is 34.5 
lb. water evaporated per hr. from and at 212®F. This is equivalent to 33,479 
B.t.u. per hr. In calculating the horsepower of steam boilers, allow (o) for 
tubular boilers, 15 sq. ft. of heating surface to 1 hp.; {h) for flue boilers, 12 
sq. ft.; (c) for cylinder boilers, 10 sq. ft. Well-designed boilers, under suc- 
cessful operation, will evaporate from 7 to 10 lb. of water per lb. of first-class 
coal. To evaporate 1 cu. ft. of water requires the combustion of 7.5 lb. of 
ordinary coal, or about 1 lb. of coal to 1 gal. of water. Boiler horsepower == 
0.069 gal. per min .3 Each sq. ft. of heating surface evaporates 2.3 to 3.5 lb. 
of water per hr.; therefore, for an engine using 30 lb. of water per hp.-hr., 
each horsepower of the engine requires from 13 to 8.6 sq. ft. of heating surface 
in the boiler. 

Factor of evaporation is ratio of heat required to generate 1 lb. of steam 

“from and at 212°F.,” and = ^ 7^4 " where 11 ~ total heat in 1 lb. 

of steam at boiler pressure and steam temp., and h — heat of liquid at feed 
temperature. 


Table 161. Boiler Horsepower Required for Each Pump Horsepower, Counting 
10 Sq. Ft. of Heating Surface per Boiler Horsepower* 


Duty in ft. -lbs. 
per 1000 lbs. 
of dry steam 

Boiler 
hp. per 
i. hp. of 
pump 

Lbs, of 
steam 
per hr, 
per 
pump 
hp.t 

^ 1 
Duty in ft.-lbs. 
per 1000 lbs. 
of dry steam 

Boiler 
hp. per 
i. hp. ol 
pump 

Lbs. of 
steam 
per hr. 

per 

pump 

hp. 

Duty in ft.-lbs. 
per 1000 lbs. 
of dry steam 

Boiler 
hp. per 
i. hp. of 
pump 

Lbs. of 
steam 
per hr. 
per 
pump 
hp. 

40,000,000 

1.63 

49.5 

! 

120,000,000 

0.55 

16.5 

165,000,000 

0.40 

12.0 

60,000,000 

1.32 

39.6 

125,000,000 

0.52 

15.8 

170,000,000 

0.39 

11.6 

60,000,000 

1,10 

33.0 

130,000,000 

0.51 

15.2 

175,000,000 

0.38 

11.3 

70,000,000 

0.94 

28.4 

135,000,000 

0.49 

14.7 

180,000,000 

0.37 

11.0 

80,000,000 : 

0.83 

24.7 

140,000,000 

0.47 1 

14.1 

185,000,000 

0.36’ 

10.7 

90,000,000 

0.74 

22.0 

145,000,000 

0.46 ; 

13.0 

190,000,000 

0,35 

10 4 

100,000,000 

0.66 

19.8 

150,000,000 

0.44 

13.2 

195,000,000 

0.34 

10.0 

110,000,000 

116,000,000 

0.60 

0.57 

18.0 

17.2 

155.000. 000 

160.000. 000 

0.43 

0.41 

12.8 

12.4 

200,000,000 

0.33 

1 

9.9 


t Calculated from formula 4, p. 472. 


Table 151 is based on 1 sq. ft. of lieating surface evaporating 3 lb. of water 
per hr., from 150° (temperature of feed), into steam at 150-lb. gage pressure. 
This is safe in most cases, but any desired increase may be made. For 
example: If 2| lb. water per sq. ft. heating surface per hr. are all it would be 
safe to reckon on, then 20 per cent, added to boiler hp. of Table 151 would 
provide for such a case. 

Combustion. The rate of combustion in a furnace is computed by the 
pounds of fuel consumed per sq. ft. of grate per hr. The size of coal must be 
reduced and the depth of fire increased directly, as the intensity of draft is 
increased. . On 1 sq. ft. of grate can be burned an average from 10 to 12 lb. of 
hard coal, or 18 to 20 lb. soft coal, per hr. with natural draft. With forced 
draft nearly double these amounts can be burned. 

* Manufacturers of boilers include Abendroth & Root Mfg. Co.; Babcock & Wilcox; CoateeviUe 
Boiler Works; Erie Boiler Works; Boiler Co.; International Engineering Works; Parker Boiler 

Co.; Superheater Co.; Combustion Engineering Corp. 
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Boiling point of water at mean atmospheric pressure at sea level is 212® 
F. At an absolute pressure of 6 lb. per sq. in. (17.70 in. vacuum), this drops 
to 170.1® F.; while at 3 lb. absolute (23.83-in. vacuum) the boiling point is 
only 141.6° F. 

Steam. Steam arising from water at boiling point (212° F.) has a pressure 
equal to the atmosphere (14.7 lb. at sea level). One cubic inch of water 
evaporated under ordinary atmos])heric conditions is converted into 1 cu. ft. 
of steam. The specific gravity of steam at atmospheric jiressure is 0.411 
that of air at 34° F., and 0.0006 tliat of water at the same temperature; 
27,222 cu. ft. of steam weigh 1 lb.; 13,817 cu. ft. of air weigh 1 lb. (both at 
atmospheric pressure). 

Division of Heating Surface into Units.^ First determine accurately the 
maximum number of pounds of steam that will be used. The maximum 
evaporation of a boiler is limited mainly by the quantity of coal which can be 
burned upon the grate. By dividing the total number of pounds of steam to 
be evaporated per hr. by 3, the total heating surface may bo obtained with 
fair accuracy. Tlie next step is the subdivision of this heating surface into a 
proper number of boilers. To evaporate a given (juantity of water into steam, 
it is necessary to generate a certain amount of heat by combustion of fuel. 
The controlling factors are: kind of coal, area of grate surface, and draft. 
Ample grate surfa(^e is desirable. The kind of c-oal to be used should be 
determined before designing the boiler phint, the cost of various fuels available, ’ 
and their calorific value, or relative evaporative power. With good coal, low 
in ash, approximately equal results may be obtained with large grate surface 
and light draft or with small grate and strong draft. Bituminous coal, low in 
ash, gives best results with high rates of combustion, provided ratio of grate 
surface to heating surface is properly proportioned. Coals high in ash require 
a comparatively large ^ate surface, particularly if the ash is easily fusible, 
tending to choke the grate. Where a strong draft is available, a smaller grate 
may he used than with moderate draft, as a thicker bed of fuel can be carried. 
When it is intended to burn low grades of fuel, provision for a large grate 
ought- to be made in the first jilace. Then, if it is later desired to change to 
a fuel of a better grade, this can be done by reducing the size of the grate by 
bricking off a portion of it. If certain that there lUiver will be a desire to use a 
poorer fuel, it would be uneconomical to provide larger grates than necessary. 

Table 152 gives a very approximate estynate of the relative evaporative 
power of several kinds of coal, or the water that 1 lb. of coal will evaporate, 
the pounds of coal that may be economically burned per sq. ft. per hr., and 
the ratio of grate surface to heating surface with ordinary drafts. 


Table 162. Evaporative Power of Coals^ 


. 

Pounds of water 1 lb. 
of coal will 

evaporate, with steam 
at 212° F. 

Pounds of coal 
per sq. ft. of 
grate, 
per hr. 

Ratio of heating 
to grate surface 

Best bituminous 

9..0 

21 

56 

Ordinary bituminous. 

8.0 

20 

46 

Anthracite (nut or larger) 

8.0 

13 

32 

; Anthracite (buckwheat or rice) . 

7.0 

12 

26 


Bee aleo p. 612. 
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Selecting Boilers.^ Horsepower is frequently used when estimating 
capacity of boilers, and buyers ask for boilers of a certain horsepower. This 
is an improper way to buy unless the heating surface per horsepower is clearly 
known. One bidder might offer a boiler with ample heating surface, another 
one with much less. Both boilers may develop the required horsepower, but 
the one with insufficient heating surface might do it only at increased cost for 
fuel. Boilers should not be bought with less than 1 sq. ft. of heating surface 
for every 3 lb. of water to be evaporated; in other words, with not less than 10 
sq. ft. of heating surface per b.hp. It will usually l)e found good practice and 
economical to provide reserve power in the boilers and ample heating surface, 
particularly if the boiler plant is designed on the test duty of the engine, which 
is never realized in actual practice. 

Firing Boiler. Coal of depth up to 12 in. is more effective than less depth. 
Admission of air above grate incnuises evaporative effect, but diminishes the 
rapidity of it. Air admitted at bridge wall effects a better result than when 
admitted at door, and when in small volumes, and in streams or currents, it 
arrests or prevents smoke. It may be admitted by an area of 4 sq. in. per sq. 
ft. of grate. 

Boiler regulations for care and management have been issued since 1870 
by Hartford Steam Boiler and Inspection Dept, and may be. obtained on 
application. The A. S. M. E. has formulated a code (see »/., June, 1023, 
p. 368). 

Stokers* have advantage of extracting from a given fuel a higher heat 
return than hand-fired furnaces. They can accommodate fluctuating boiler 
loads with a smaller variation of steam pressure than hand-fired furna(!es; 
and produce less smoke; but they require coal and ash-handling apparatus, and 
add to upkeep cost of boiler.^® 

Two chief types are chain-grate and forced-draft ufiderfeed. Advantages* s 
of former are: ability to take 100 per cent, o'^erload; sim])licity; ease of repair, 
operation by natural draft simplifies boiler-room eciuipment; efficient under 
light loads and overloads; first cost is half that of f()rced-draft type. Buies 
of operation have been established (1923) by committee of N. E. L. A. The 
forced-draft type has a larger unit capacity. 

Superheaters t and Superheating. Installation of a superheater is equiva- 
lent to an increase in boiler capacity. As superheated steam prevents cylin- 
der condensation, it will effect the greatest steam saving in the least economical 
engine.* 5 A moderate degree of superheat is best suited to reciprocating 
pumping engines, and a higher degree to turbines. 

Benefit of superheat^^ in connection with engines of highest type is probably 
6 per cent., as the upper limit of fuel economy that can be expected. Super- 
heaters may be independently fired, or may be connected with the boiler. 
Engineers^ are not agreed as to which arrangement gives the more economical 
returns. Requirements for a successful superheater are: security in opera- 
tion, or minimum danger of overheating; economical use of heat applied; no 
exposure of joints to fire; provision for free expansion; disposition such that 

♦Among manufacturers of stokers might be mentioned; Babcock & Wilcox; CoKal Stoker 
Corp.; Westinghouse Elec. & Mfg. Co.; Vogt, Henry, Machine Co.; Combustion Engineering 
Corp. 

t Among makers are: Babcock & Wilcox, Power Specialty Co., Superheater Co., all of New 
York. 
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joints can be cut out or repaired without interfering with operation of plant; 
case of application to existing plant. Independently fired superheaters have 
the following advantages: degree of superheat may be varied, independently 
of performance of boiler; can be placed at any desirable point; repairs can 
readily be made without shutting down the boilers. Some disadvantages 
are: separate firing and extra attention; extra piping; extra space; greater 
initial cost. Standard practice in this country tends toward the superheater 
contained within the boiler setting. In pumping stations 100®F. of superheat 
is sufficient. This corresponds to an increase of 8 to 10 per cent, in horse- 
power of boiler, insures practically dry steam at cut-off, and, therefore, pro- 
duces a material reduction in losses due to cylinder condensation. At Chain 
of Rocks plant, St. Louis, 100°F. superheat resulted in a steam saving of 12 
to 17 per cent, on trijjle-expansion and compound pumps, and a coal saving 
of 7.5 to 13.2 per cent.'s This saving paid for the superheaters in 3.5 years. 
Predicted troubles with lubrication did not develop. Higher temperatures 
may interfere with lubrication,* and sometimes cause warping of valves. 
With 100°F. of superheat, and a steam pressure of 125 lb., i)roducing atern- 
]Xirature of 425°F., no difficulties are ordinarily met. If superheat is used, 
metallic packing gives best results for piston rods and valve stems. Cast 
iron should be eliminated, as far as possible, from steam piping system, 
flanges should be wrought steel, fittings should be cast steel, and valves 
should be carefully selected.! If highly superheated steam is to be used, 
valves should be especially designed. The cost of superheater installation 
approximates $5 to $10 per hp., and material savings in the cost of piping 
may be made by the use of smaller piping on account of lower friction loss with 
superheated steam. Saving in fuel ranges from 7 to 15 per cent. The cost 
of repairs and maintenance is low, and many superheaters have been in 
service in pumj)ing stations for upwards of 20 years with practically no 
maintenance cost.J 

Feed-water Heating.3 Exhaust-steam feed-water heaters § are used to 
heat water fed to boilers with steam exhausted by pumping engines and 
auxiliaries; saving is great. Generally speaking, for every 11°F. that feed 
water is warmed, there is a saving of 1 per cent, in fuel. With sufficient 
exhaust steam available, feed water at 50 to 60° can be raised to practically 
200°, thus saving 12 per cent, of fuel. In pumping stations it is usually 
economical to use condensing apparatus in connection with the main pumps. 
If there is no station lighting plant, this leaves the exhaust steam from the 
auxiliaries only for feed-water heating, and, if feed water supply is cold, the 
heat contained in the exhaust from the auxiliaries is rarely sufficient to raise 
the feed water to more than 100 to 125°F. It is well to carry all condensation 
from jackets on main engines as well as from steam piping to a hot well. This 
will usually raise feed water with initial temperature of 60° to at least 100°, 
where steam pipe and jackets are effectively covered, and if it passes thence 
through the feed-water heater, the resulting temperature will be about 150°. 
One combination that works out favorably under conditions outlined is to 

* Not found the case at St. Louis,'® 

t At St. Louis, * ® odd cast-iron fittings stood up well 5 years under a total temperature of 500’^F. 

% Information from Power Specialty Co. 

I Amon^ makers of heaters are Alberger Heater Co., Buffalo; Griscom Bussell Co., New York; 
Ooonrane Corp., Philadelphia;' Bethlehem Shipbuilding Corp. 
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return the condensation to a hot well, carry the exhaust steam frote independr 
ent auxiliaries to the feed-water heater, and extract sufficient heat from the 
flue gases, by means of an economizer, to return the water to the boilers at a 
temperature of from 200 to 225®F. Saving in coal effected is approximately 
15 per cent., with initial feed-water temperature 60°F. Complete outfit- 
hot well, piping, feed-water heater, and economizer — may be covered by fol- 
lowing approximate prices per hp. (furnished by Cochrane Corp.) : 50 to 100 
hp., $2.60; 150 to 250 hp., $1.65; 300 to 850 hp., $1.20; 1250 to 3000 hp., 
$.70. Provide thermometer wells and thermometers for obtaining tem- 
peratures resulting from various parts of the feed-water system. 

Fuel Economizers. *3 Fuel economizer is a long, narrow brick chamber 
between boilers and stack, or cliimney, througli which flue gases pass; it con- 
tains many vertical cast-iron tubes in whicli feed water circulates, entering at 
opposite end of chamber from gases. Factors to be considered before install- 
ing are: nature of auxiliaries and heat to be derived from them; methods of 
heating feed water, whether atmospheric heaters are used, and whether all, 
or part, of exhaust steam is used for heating; initial temperature of feed water 
and whether feed water is taken from hot well or from a cold sui)ply; probable 
rise in temperature due to installation of economizer; cost of economizer; cost 
of additional building space; reduction of boiler heating surface made i)ossible 
by economizer; extra cost of stack, or forced-draft apparatus no(;essary to 
compensate for loss of draft duo to economizer; interest, depnHaation, main- 
tenance, operating cost, and insurance on all of those elements which result 
from installing economizer. 

Air pumps and condensers t are recpiired to ])um]^ cold Avater, hot water, 
and air. If duplex movement be used, wliile one i)iston is forcing water, the 
piston on opposite side may be encountering air or vapor, and meeting no 
resistance; consequently, that piston will race for\A^ird until it meets solid 
matter, resulting in throwing the steam /alvc on the oilier side too soon, 
thereby making the pump short-stroke. Where duplex air pumps and con- 
densers are used, unless machine is so small that it must be pumping water 
steadily in order. to provide enough to condense steam — and such are too 
small to be economical — it will be noticed that they do shorten their strokes, 
and thus impair their efficiency and economy. Single-acting air pumps and 
condensers are self-contained machines; each valve being thrown by the 
action of its own piston, it must complete its stroke in length whether the 
piston is moving in air, water,* or vapor; consequently, nearer approach to 
theoretical quantity of Avater is olitained. 

Jet condensers require much less Avater than surface condensers, but the 
water so used is ordinarily wasted. The speed of the pump and quantity of 
injection water can be regulated to suit the working conditions of the engine. 
It will quickly produce and maintain a high vacuum, removing nearly all the 
(atmospheric) back pressure from the piston of the engine. Being independ- 
ent, it can be started and a vacuum formed before starting the engine. It will 
require less power than a connected air pump. As the power is taken directly 
from the boiler, the en^ne is relieved of that much loa<|. It requires no 

♦ Maniificturers include Alb^rger Heater Co., Buffalo; Power Specialty Co., N. Y. 

t ArhouilMnakers of oondene^ are: Allis-Chalmers Co.; Schuttc & Koorting Co., Ph|l|i^el|phi|ii! 
WestinghoiSfcCo. ^ 
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additional pump for the injection water; the air pump will lift the water from 
any point withiu, the limit of suction. 

Surface condensers should have about 2 sq. ft. of tube (cooling) surface 
per hp. for a compound steam engine, and 3 sq. ft. for turbines. Ordinary 
engines will require more surface according to the economy in use of steam. 
It is absolutely necessary to place air pumps below the condensers to get 
satisfactory results. 

In ordering condensers give: (1) Diameter of steam cylinder and stroke 
of engine. (2) Revolutions per minute. (3) Steam i>ressure in boiler. (4) 
Maximum point of cut-off, or has the engine a plain slide valve? (5) Maxi- 
mum temperature of the water, to be used for condensation, and is the water 
obtained from wells, stream, or pond? (6) Distances vertically and horizon- 
tally from the surface of the water supply to the floor on wliich the condenser ' 
can be placed. (7) Statement as to whether water is fresh or salt, clean, or 
dirty. (8) Indicator cards of the engine if possible. 

Operating height of condenser above injection supply should be as little 
as possible; 18 or 20 ft. ouglit not to be exceeded. For high lifts of injection 
water, a charging valve and overhead supply will be found very advantageous 
in starting the condenser; this sup]>ly should be cut off as soon as vacuum is 
had. Start fhe condensing ajqmratus in advance of the engine, and shut 
down the engine before shutting down the condensei*. It is estimated that 
20 volumes of water absorb 1 volume of air; hence, if means were not taken to 
remove this air from the condenser, it would fill botli condenser and cylinder, 
and destroy the vacuum. 

The effect of a good condenser and air pump should be to make available 
about 10 lb, more mean effective pressure, with the same terminal pressure; 
or to give the same mean effective pressure with a correspondingly less terminal 
pressure. When the loifd on the engine requires 20 lb. mean effective pres- 
sure, the condenser does half the work; at 30 lb., one-third the work; at 40 
lb,, one-fourth, and so on. It is safe to assume that practically the condenser 
will save from one-fourth to one-third of the fuel, and can be applied to any 
engine, cut-off or throttling, where a sufficient supply of water is available. 

The most economical vacuum, according to Marks,^^^ is 28 in. for steam 
turbines, and 26 in. for engines, with water of ordinary temperatures. A 
higher vacuum will not increase engine economies. 


Table 163. Relation of Vacuum to Temperature Fahrenheit, of Feed Water 


Vacuum, in. 

Temp., (legreos 

1 Vacuum, in. 

Temp., decrees 

00 


271 

112 

11 


28i 

92 

18 


2f) 

72 

22i 


29§ 

52 

25 





Condensing engines require from 20 to 30 gal. of water, at average low 
temperature, to condense steam represented by every gallon of water evap<>»^^ 
rated in boilers supplying engines — approximately for most engines i 
to li gal condensing water per min. per indicated hp. With a iimjysed 
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water is used over and over, being cooled by circulation through a “cooling 
tower,” or spray nozzles, and basin. 

Instruments for recording all heat expenditures should be in every boiler 
room. See Toledo plant in J. A. W. W, A.^ Vol. 10, 1923, p. 979. 


FUELS 


Weights of Fuels (for approximate computations). Petroleum, 6.5 lb. 
per U. S. gal,, 42 gal. to the bbl.; crude oil, 8 lb. per gal.; gasoline, 5.6 lb. per 
gal.; 1 cu. ft. of anthracite piled loosely, 53 lb.; bituminous coal, 47 to 50 lb. 

Relation to Pumping Costs. Coal in average pumping plant in 1920 
constituted 40 per cent, of total pumping costs; as not more than 10 per cent, 
of the heat value is utilized, the most economical use of coal is desirable.' 5 
For Chicago costs, see Table 138, p. 474. 

Cost of Fuel.3 Steam consumption corresponding to various duties may 


be obtained from Table 141, p. 478. Annual cost of fu(4 


.8Xi.hp. XTXC 
jB; X 2000“ 


♦S = lb. of steam used by engine per hp. per hr. 
ihp. = average indicated horse})ower developed. 

T = number of hours during j'^ear pumjung is reciuired. 

C = cost of coal in dollars per ton of 2000 lb. 

E = evaporation factor of boiler, approximately 8 lb. of water evaporated 
per lb. of ordinary good bituminous coal. 


As coal used bears some proportion to hours of pumping, coal saved by higher 
efficiency is necessarily reduced with shorter hours, reduction in operating 
cost is lessened, and there is smaller sum available to offset increased interest 
charges usual witli high-duty machines. Stand-by losses reduce net efficiency 
materially, and, generally, it hardly pays to go into tlie most expensive forms 
of pumping machinery when the engine is to be run at a fraction of its rated 
capacity, or is to be oi)erated only a portion of eacdi day.3 

Fuel Reserve Required. The Standard Schedule of the National Board 
of Fire Underwriters calls for coal-storage provision for 5-days supply mini- 
mum, and greater for long hauls. Gas supply shall be from two independent 
sources or from a duplicate gas-producer plant with a storage of at least 24-hr. 
supply. Oil supply shall be stored in underground tanks; at least 5-days, 
supply. Gasoline engines should have 36-hr. supply stored on premises, but 
24-hr. storage has been tolcrated.^ea 

* Oil vs. Coal. Lucke47 presents Fig. 222 for arriving at cost per million 
B.t.u. for comparing a coal-burning steam plant with an oil-burning steam 
plant or the oil-burning Diesel engine. At Wilmington, Del., *6 records for 
1922 indicated that oil at 4 cts. per gal. is more expensive than coal at $6.91 
per ton. At Lynn, Mass., where oil was contracted for at price equivalent 
to $9 per ton for coal, two 175-hp. boilers in the main pumping stations were 
converted to oil for following reasons :*** (1) oil is cheaper than coal; (2) it 
can be burned more efficiently than coal; (3) greater boiler capacity can be 
developed; (4) coal- and ash-handling charges will be eliminated; (5) variation 
in quality will be minimized; (6) banking of fires can be done very much more 
* See also Langham, Poweri Sept. 11, 1923, p. 423. 
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economically; (7) neater, cleaner, and otherwise better working conditions 
will be obtained. 

One ton (2000 lb.) of coal is equivalent to 3.34 bbl. of oil at 325 lb. in practi- 
cal heating value. For instance, if coal costs $5 per ton, equivalent fuel value 
will be derived from oil at $1.50 per bbl., or $1.06, if the labor saving in firing 
and handling ashes is reckoned at 10 per cent. Usual heat value of oil given 
is that determined in a bomb calorimeter; heat actually available in a boiler 
furnace is less, since all fuel oils contain a considerable percentage of hydrogen; 



the latent heat of tlie steam formed by combustion of this hydrogen wastes 
up the stack. Heavier grades of oil contain water in form of an emulsion, and 
it will not settle out. This lowers the hedt value, but has no other disad- 
vantage. When water settles out, as in light American crudes, it accumulates 
in tank and piping and goes over to the burners in a slug, putting out the flame. 
With emulsified oil a considerable amount of water can go through the burners 
with no bad effect. A small quantity of water in a heavy oil is an advantage; 
it helps to atomize the oil more thoroughly.^® 

Specifications for Coal.* (Abridged from New York City, 1915, ‘^Stand- 
ard Specifications for Furnishing, Delivering, Storing and Trimming Coal.'') 

Kinds and Sizes. “Anthracite" shall mean coal mined in the anthracite 
districts of Pennsylvania. “Semibituminous" shall be accepted in its usual 
commercial meaning. Not less than 90 per cent, shall pass over the irilhi* 

* See also U. S. Governnnrent specifications, Bull. 116, Bureau of Mines, U. S. Dept, of lateiior, 
1916. 
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mum screen, and of broken*, egg, stove, and chestnut, not less than 90 per 
cent, shall pass through the maximum screen. 


Table 164. Sizes and Standard Analyses of Anthracite Coal 

Tests with Stationary Screen Inclined 45°. 


Names of 
sises of coal 

Shall pass 
through 
square, 
mesh 
screen of 
clear open- 
ing, in. 

Shall pass 
over 
square- 
mesh 
screen of 
clear open- 
ing. ill. 

Per cent, 
moisture 
as de- 
livered 

Per cent, 
ash, dry 
coal 

Per cent, 
volatile 
combust- 
ible, dry 
coal 

Per cent, 
volatile 
sulphur, 
dry coal 

B.t.u. 
per lb., 
ary uoal 

Broken. . . . 

3 

2i 

4 

11 

8 

1.5 

13,200 

Egg 

2 

4 

11 

8 

1.5 

13,200 

Stove 


U 

} 

i 4 

12 

8 

1.5 

13,000 

Chestnut . . 

li 

i 4 

12 

8 

1.5 

13,000 

Pea.. 

Buckwheat 

i 

i 

i 

5 

i 

17 

8 

1.5 

12,300 

No. 1.... 

^ i 

1 

4 

6 

18 

8 

1.5 

12,200 

No. 2... . 


A 

6 

19 

8 

1.5 

12,100 

No. 3.... 

A 

A 

6 

19 

8 

1.5 

12,000 


Table 166. Sizes and Standard Analyses of Semibituminous Coal 


Names of 
sizes of coal 

Through 

bars 

separated 

Over burs 
separat ed 

l*er cent, 
moisture 
as de- 
livcrc'd 

Per cent, 
jish, dry 
coal 

Per cent, 
volatile 
coin bus t- 
il)le, dry 
coal 

Per cent, 
volatile 
sulphur, 
dry coal 

B.t.u. 
per lb., 
dry coal 

ll u u of 
mine. 

Coal as 
it comes 
from 

mine, un- 
screened. 

1 

3.0 

10 

25 

1.75 

13,800 

Lump 


1} in. 

2.5 

9 


1.5 


Nut 

li in. 

1 in. 

2.5 

9 

25 

1.5 

Slack 

1 in. 



3.0 

11 

25 

1.75 



Payment. Coal of quality superior to standard analyses shall be paid 
for as coal conforming to the standard, except that weight shall be corrected 
for moisture in excess of the specified i)cr(*entage. 

Method of SainpUng. From deliveries exceeding 25 tons, but not exceed- 
ing 100 tons, a sample of 200 lb. shall be taken; for deliveries in excess of 
100 tons, approximately one-tenth of 1 per cent, of the quantity delivered. 
The gross sample shall be broken by hand, or by crusher, to approximately 
pea size or smaller, and reduced by successive quarterings to not less than 
5 lb. for laboratory tests. Samples for the determination of moisture content 
will be taken at the point of weighing and immediately collected in moisture- 
tight receptacles. 

Method of Analysis. A portion of the sample shall be analyzed upon its* 
receipt at the laboratory. Moisture, ash, volatile sulphur, and volatile 
combustible matter shall be determined by proximate analysis, and the 
heating value- by’ an oxygen bomb calorimeter. The remainder shall be p^ 
served for 30 days, in pr(|p^ custody, after notification to the contractor of 
the results of the anaiyeiS, for a check analysis if required. The moisture 
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determined in the first analysis shall be fin‘al. If the first analysis shnws i; 
deficiency in the heat Units or an excess of ash^ volatile combustible, or volatile 
sulphur, and if the contractor questions the first analysis, he may, within 
iO days after notification of the first analysis, request, in writing, a second 
analysis. This second analysis shall be final. If the aggregate deductions 
in gross weight computed on the check analysis equals or exceeds the 
deductions computed on the first analysis, the contractor shall pay for the 
check analysis. All deductions, except moisture, shall be based on the check 
analysis. 

Correction of Grosti Weight, (1) Moisture. If the moisture be in excess 
of the limits specified in the standard analysis, the gross weight of coal shall 
be corrected by an amount directly in proportion; e.g., if the broken coal as 
delivered contains 6 per cent, moisture, a deduction of 2 per cent, of the gross 
weight shall be made. (2) Ash. The weight after correction for moisture 
shall be reduced at the rate of 1 per cent, for eacli per cent, of ash in excess of 
the standard analysis, computed to the nearest tenth of a per cent. (3) 
Deficiency in thermal units. The weight after corre(;tion for moisture shall 
be reduced at the rate of 1 per cent, for each 100 B.t.u. l)elow the standard 
heating value, computed to the nearest 50 units. (4) I^xccss of volatile 
sulphur. The weight after correction for moisture shall be reduced at the 
rate of 5 per cent, for each 1 per cent, of volatile sulphur in excess of the 
standard analysis, computed to the nearest tenth of a per cent. (5) Excess 
of volatile combustible matter. The weight of coal after correction for mois- 
ture shall be rediuMnl at the rate of 2 per cent, for each 1 per cent, of volatile 
combustible matter in excess of the standard, computed to the nearest tenth 
of a per cent. (6) Aggregate dedind-ions. After the (corrections for moisture 
all deductions above described shall be totalized, and deducted as a wliole. 

Excess clinker shalUbe cause for condemnation. All coal delivered. In 
addition to conformance with the standard analyses and other requirements, 
shall be required to show% after a test of reasonal)le duration, that it docs not 
produce excessive clinkter. When, in the opinion of the head of a department, 
the coal delivered from any mine or group of mines produces excessive clinker, 
delivery from such mine or mim^s, shall, on notification, be discontinued. 

Mixed coaV^ shall mean a mixture of diiTereiit sizes or kinds of coal, the 
proportions of each size or kind being specified. The ingredients shall be 
paid for separately. The different kinds or sizes shall cornifiy with the 
respective standard analyses. 

Pulverized fuel* makes feasible the use of hjw-grade fuels. Combustion is 
completed while the fuel is in suspension in the air; proper preparation of the 
fuel as to fineness and dryness, an ample combustion chamber, and proper 
temperatures and adeejuate air supply are essentials. Great improvements 
have been affected in the process in the last decade.so The explosion hazard 
is practically negligible:'!^ I.arge fuel economies^s are possible, as very high 
boiler efficiencies have been obtained. The reliability,^® safety and efficiency 
of this method is well proven. At the Ford Plant, River Rouge, the install^" 
tion proved superior to contemporary stoker installations; see also ref, Si^ : 

•Material aupplied mainly by Combustion Eng. Corp., New York. See also series ^ 

by Cole, Power, June, 1924, pp. 900, 940; Savage in Coal Trade Il’evicw, Sept., Oct., 
verised FueP* by W. JFrancis Goodricb (GriflSn, liondon, 1924). 
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CHIMNEYS 

Functions of a chimney are to carry off the products of combustion, and 
to produce an adequate draft. Induced or forced draft is added where 
height would become abnormal for adequate draft. _ 

Capacity.* Kent’s rule: hp. = 3.33(J[ — 0 .()\/ 3 [) X \/H. 

Revised Kent rule: hp.f = (approx, for 1000 hp, and over); in 

which hp. = boiler horsepower; A = chimney area; // == chimney height; D 
= diam. Area required for oil fuel may be 60 per cent, of that for coal-fired 
boilers. Horizontal breechings should have area 20 per cent, greater than 
stacks. 

Self-supporting steel smokestacks J may be had of any size; in all cases 
they should be lined for 30 or 40 ft. above the breeching connection with 
fire brick, and above that with common brick or cement plaster. § 


Table 1B6. Chimney Height in Feet Necessary for Given Boiler Rating* 
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^ Jvent, DESea on o id. oi luoi per uoiier up. rieiKiii is iTieasurou iruiii twp 
low-grade coal or mechanieal stokers, increase hp. by 20 per cent. 

The life of steel stacks is shorter than brick stacks. Duffy^i claims that 
failure of stack where steel guy bands are placed is due to local rusting action. 
In San Francisco earthquake, 1906, individual guyed steel stacks suffered no 
material damage, affecting serviceability, while brick stacks were in most 
cases broken off. 

♦ See also Cotton in Mech, Eng., September, 1923, p. 531. 

t See “Proportioning Chimneys on a Gas Basis,” by Menzin, J. A. S. M. E.] VoL 38, 1916, 
p. 31, and committee report in J . Am. Soc. Heal Vent. Eng., December 1923, p. 717. They advise 
use of gas basis. 

1 See Chapter 11^ in Ketch to s Structural Enipneers Handbook,” 3rd ed. (McGraw-Hill 
Book Company, Inc., 1924), and Adams in E. N., July 20, 1905, p. 64.. 

i Among makers of steel stacks are Blaw-Knox Co., Pittsburgh; Chicago Bridge Iron Works, 
Graver Corp.:, Chicago; Littleford Bros., Cincinnati. 
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should be added for every 2 ft. in diameter or fraction thereof. The points of 
the conductor should be of copper f in. in diam. by 8 ft. long, with a lidn. 
platinum-covered tip. They should be anchored at the top and extend from 
the bottom of the corbeling upward. The lower ends of the points are con- 
nected by a copper cable which encircles the chimney. From this loop a 1|- 
in. 7-strand No. 10 Stubs^ gage copper cable is carried down the side of the 
chimney and connected to a copper ground plate of the three-winged type. 
The cable is anchored every 7 ft. with brass anchors, which support its weight. 

Monoyer chimneys, 52 extensively used in Europe, have shafts made up of 
precast segmental concrete blocks, which interlock to form an octagonal 
section. Vertical reinforcing at each corner is cast in place after erection. 


Table 168. Bottom Diameters of Radial-brick Chimneys, Ft. 
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Reinforced-concrete* chimneysf have been successful since 1910; earlier 
chimneys caused some alarm fn)m checks or cracks. In shape, they are 
generally coniform. It is claimed that they imi)ose less foundation loads and 
occupy less space than brick chimneys and that they can be erected in less 
time than either steel or brick. Interior heat affects the shell because con- 
crete is a poor conductor; the inside concrete for an inch or two is heated to 
a much greater degree than the exterior, and so tends to expand and crack the 
colder outside. This effect is most marked upon a thick wall. Concrete is 
an excellent fire-resisting material, although 1500°F. continued for 2 to 3 hr. 

•Among inakors of concrete «himneyB mav be mentioned General Concrete CoxiBtrucUoa Co.; 
Heine ChimnfcCo.; Rust Engijieering Co.; Weber Chimney Co.; Wiederholdt Constmptinn po. 
— all with NevPyorlc City offiicei^and Summerhays & Sons, Rochester. . 

t Based on text in ‘’ Concre|e, Plain and Reinforced,” Taylor and Thompson 




will drive out the water of crystallization so as to take away the stren^h for 
a depth of | to 1 in,. Lower temperatures affect it less, and tests at Water- 
town Arsenal indicate that a good cement mortar will not be appreciably 
injured at 600 to 700°F. The temperature in an ordinary chimney seldom 
exceeds 700®F. at the base; 400 to 500° is more usual. E. L. Ransome reports 
inner shell of a chimney 10 years old of concrete (cement, sand, and broken 
stone), in which he found the hottest part of the chimney opposite the flu® 
perfectly sound and exceptionally hard. When temperatures above 750° 
are expected, it is safe to line with fire brick. 

A reinf or ced-con Crete chimney is so small at the base that it would topple 
over in a wind if not held by steel.* Thickness of outside shell must be suffi- 
cient to bear, with steel embedded, pressures due to weight and to wind. 
Vertical steel inust be inserted all around to resist the ])ull caused by wind, and 
steel hoops placed at intervals to stiffen the vertical steel and prevent cracks 
due to difference in temperature between interior and exterior, and especially 
to resist vertical shear which corresponds to horizontal shear in a horizontal 
beam. Assume 50 lb. per sq. ft. of vertical surface as a maximum wind pres- 
sure, corresponding to 100 mi. per hr.; against a curved surface part of it is 
ineffective, so that the effective pressure against a chimney is not more than 
33 lb. per sq. ft. against a vertical plane whose width is the diam. of the 
chimney. Concrete chimneys frequently cra(;k at and above the top of the 
inner sh(?ll, so there is good reason for extending this shell higlier than 
the usual one-third. It ought to be possible, however, so to lay and reinforce 
the concrete as to prevent cracking even with extremes of outside and inside 
heat. The inner shell must be entirel}^ Independent of the outer, as 
otherwise expansion caused by interior heat will tend to lift and crack the 
chimney at j)oints of contact. If the inner shell docs not extend to the 
top, the portion of th(f outer shell where it stoj^s should be especially rein- 
forced*. Variation in thickness should be avoided, l)ut if necessary, there 
should be additional reinforcement near the outer surface. Changes in 
section arc bad because stresses arc introduced which are indeterminate. 
Horizontal reinforcement should be spaced not more than 12 in. in the lower 
half of the stack. Steel must be carefully placed, vertical stefel being prefer- 
ably not far from the center of the wall and horizontal steel outside it. Where 
special temperature stresses occur, horizontal steel should be as near as prac- 
ticable to the stressed surface, although not jiearer than 1| in. Steel must be 
well bonded, and concrete carefully jdaticd and tamped around it. Outside 
surfaces must be formed by molds, no exterior plastering being permissible. 
Provide enough horizontal steel to take all vertical shear and to resist the 
tendency to expansion due to interior heat. Distribute horizontal steel by 
numerous small rods in preference to larger rods spaced farther apart. Foun- 
dations must be designed according to recognized engineering principles,! 
Wind causes vibrations which produce repetition of stresses. Following unit 
values are suggested: concrete, extreme fiber stress in compression, provided 

4i * For analysis of stresses, see Hool & Johnson, "Concrete Engineers* Handbook," p. 816; JS. JiiTi > 
B., May 12, 1921, p. *803; for most complete treatise, see Taylor & Thompson, "Plain and Relnftnised; 
Concrete," 3rd ed., pp. 390, 660. 

t Forinethod of calculation, see "Concrete Engineers’ Handbook," by Hoot iLn<Ljohn«on, 1924 
p. 6o7. Chimneys 160 ft. high are supported on steel roof girders at Montville^ Coip. (see OoPtrad^ ’ 
fig** Atlas, January, 1920). * 
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it is capable of • attaining strength of 2500 lb. per sq. in. in 28 days, 600 lb.; 
steel in tension, 14,000 lb.; concrete in shear, 60 lb. Concrete has proved 
suitable for the inner shell as well as the outer, but since mortar is easier to 
place in a thin wall there is ho objection to it. Mild deformed steel gives 
greater adhesion, but round is safe. With T-shaped steel, perfect bond is 
more difficult because tamping into angles is troublesome. A radio tower, 
672 ft. high, designed to withstand earthquakes* was built in Tokio in 1921. S3 

POWER, OTHER THAN STEAM 

Utility. Until about 1915, steam was almost universally used for pumping 
engines; but electrical power, gas engines, and Diesel engines liave come into 
use on small sj^stems, and the steam-turbine-driven centrifugal pump (turbo- 
centrifugal) on large installations. Power pumps are (connected to prime 
movers either directly, as in pumping engines, or by belt, chain, or gears. 
Motors can operate commonly at the same speed as centrifugal. pumps, but 
must be geared down to accommodate the low r.p.m. of r(Mnprocating pumps. 
Internal-combustion engines generally rexjuire sp(Mxl-increasing (gears or belt) 
for centrifugal pumps, and speed-reduction for reciprocating pumps. 

Belt drive requires consideration of size of belt and speed. Si)eed should, 
if possible, be kept below 4000 ft. per min. Width of single belt in in. = 

. p>Qj. clouble belt, substitute 400 for GOO. An idler 

Belt speed, ft. per mm. 

is required to reduce slipping where belt is at an angle with horizontal. An 
idler saves space but reduces efficiency. The drawbacks to belt drive are 
space required and the deterioration of an idle belt. 

Mechanical Rules.^^ 1. Belt speed, per min. = diam. of pulley in in. X 
3.1416 X r.p.m. 12. 

2. Horsepower of belting, for open drives wittiout idlers: {a) Single 

Belts. Belt speed, ft. per min. X width of belt in in. X 55t 33,000 = 

horsepower of single belt. (/>) For double ami triple belts; horsepower = one 
and a half and two times, respectively, that of single belt. 

3. Width of belting in in. = horsepower X 33,000 -r- belt speed in ft. per 
min., X 55t for single, 83 for double, or 110 for three-ply belts. 

These rules apply wlicre arc of contact, or angle of warp of belt around ' 
pulley, is 180°, i.c., where diameters of belt pulleys are nearly equal; where the 
arc of contact is not ISO® or approximately that angle, it is necessary to 
make an allowance in figuring the power which the belt will transmit. 

Size and Speed of Pulleys and Gears.^e To find diarn.l of driver: Multiply 
diam. of driven by its r.p.m. and divide by r.p.m. of driver. To find diam. 
of driven: Multiply diam. of driver by its r.p.m. and divide by r.p.m. of driven. 
To find r.p.m. of driver: Multiply diam. of driven by its r.p.m. and divide by 
diam. of driven. To find r.p.m. of driven: Multiply diam. of driver by its 
r.p.m. and divide by diam. of driven. 

Gear drive is fairly efficient, and requires little space, but is noisy and 
allows little flexibility. 

Sc^o &1 bo p 828 

t With an arc of. contact of 180®, 56 lb. per in. of width ha.s proved to be a safe value for a single 

t If number of teeth in gear is used instead of <liain. in calculations, substitute number of teeth 
wherever diam. occursw 
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Chain drive requires less space than a belt. It is suitable for great power 
at slow speed. It has a longer life than a belt in damp or heated places,® and 
is quieter than gears if well designed and biiilt, but under poor operating con- 
ditions may become noisy and inefficient. 

Electric Drive. For reasonable economy, motors must run at relatively 
high speed and are, therefore, best adapted to high-speed pumps, such as 
centrifugals. They are also used for driving reciprocating and rotary pumps, 
through belting or other speed-reducing connections. National Board of 
Fire Underwriters requires with electric drive an auxiliary power, such as gas 
engines or Diesel engines, or an independent ele(;trical supply source. If 
there is a distribution reservoir on the water system, the requirements of 
auxiliary power can be somewhat modified. 

Advantages low operating expense — 50 ])cr (;ent. of that for steam, 
and lower than for internal-comliustion engines; low first cost; com- 
pactness; simplicity; flexibilit}^ as to location; cleanliness; sturdiness; ease 
of control. 

Disadvantages: lack of reliability; oversized motors increase power cost; 
corporation control of rates; variableness of voltage or frequency; dependence 
on exterior source of power; motors deteriorate when sulrjected to moisture, 
dirt, or neglect; steam turbines suffer less. High-voltage electricaj eciuipment 
should be installed in dry places only. 

Selection, Motor speeds (under load) in common use*® arc 1740, 1100, 
and 870 r.p.m. for 00 cycles, and 1450, 720, and 480 for 25 cycles. The capac- 
ity of a motor depends wholly upon how much heat it can stand; a 00-hp., 
50® motor is about equivalent to a 50-hp., 40°. Motors rated on a 50° basis* 
should have a horsepower at least 120 per cent, of that required by the pumps; 
and on a 40° basis, 105 per cent. This margin is recommended by the Hydrau- 
lic Society for motors below 100 hp. to eliminate ti-^ubles from overheated 
motors due to deterioration or to room temperature. 

D.C. Motors.57 D.c. is obtainable only in large cities. Power from trolley 
circuits cannot be used on acajount of the variable voltage. The speed of a 
d.c. motor varies directly with the square root of the voltage, and the capacity 
of a centrifugal pump varies greatly with changes in pump speed. D.c. cannot 
be economically transmitted. Generator sets are installed sometimes to 


convert to a.c. 

Constant-speed shunt and copqxjund motors are suited to pumping. If 
pumps can be manually operated, a shunt motor is satisfactory, but where 
considerable power is required at starting, as witli automatic control, com- 
pound d.c. motors should be used. D.c. motors are adjustable to speed, or 
can be designed for any speed. Approximately 10 to 50 per cent, change of 
speed can be obtained with standard d.c. motors, compound wound, and 15 to 
100 per cent, with standard d.c. motors, shunt-wound. Standard adjustable 
speed motors are available up to 5 : 1 speed range. Usually, by selecting a 
piimp having the right characteristics, ample variation in head and capacity 
can be obtained by field speed control alone. 

A.C. Motors,®^ Sqidrrelrcage induction motor is simplest of all motors, 
as there are no wire connections to the rotating part. Constant speed, fixed by 


♦A 50®Cv iiiotor can heat up to WC. above room temperature without damage. 
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frequency and number of poles, admits of' no adjustment. This is a ragged 
type of motor easily started either by hand or by remote control. Its opara- 
tion demands little skill. Its principal requirements are that it be not over- 
loaded for any appreciable time and that its bearings be kept' oiled and free 
from grit. There are no moving rings or brushes to require attention. 
Though its speed decreases slightly with the load, the speed cannot be varied. 
Its starting torque is not large, and if used where even a moderately large 
starting torque is required, it draws a heavy current from the line. Its effi- 
ciency is high but its power factor is lower than is desirable, especially when 
lightly loaded, and this means larger transformers, lines, generators, etc., 
with a higher cost for the power uscd.^s It is not well adapted to starting 
heavy loads. 

The wound-rotor (dip-ring) induction motor h&s similar windings on the 
rotating and stationary parts, the ends of which windings are brought out to 
slip rings on the shaft, llesistors connected to the se(‘()ndary circuit through 
the slip rings and cut in or out by a suitable controller vary the speed. Start- 
ing torque can be varied between 30 and 375 per cent, of full load torciue. 
This permits starting the motor smoothly without drawing excessive currents 
from the line. The action is somewhat analogous to slipping a clutch to secure 
lower speeds and is, of course, wasteful. The variable-speed induction motor 
costs one and a half to two times as much as the ordinary stpiirrel-cage motor of 
same size, but saving in power resulting from its use, when the head varies 
considerably, will much more than pay interest and depreciation on additional 
investment.5® 

Both types of induction motors have the disadvantages: power factor 
always less than unity; e?xtra losses in transmittijig< excitation to load; extra 
investment in generators, transformers, and power lines to carry the extra 
load. Their merit is iy the very high starting torque available.^o 

Synchronous motoi’s which permit of power and factor adjustment are 
favored with low;er power rates. Small motor-generator sets must be installed 
to energize the field magnets. This type is seldom installed for less than 
75 hp.®i They are reliable in operation, but not so simple to start as induc- 
tion motors. They have high efficiency but require some attention. Their 
electrical simplicity is comparable to that of the squirrel-cage induction 
motors. The speed is absolutely constant.ss Two-hundred-horsepower 
synchronous motors are used at Camden, N. 

Motors for Reciprocating Pumps, TrijMex pumps are commonly electric 
drive. Their low speed, 30 r.p.m., necessitates sj^eed-reducing connec- 
tions. The pump starts with a jerk which is severe on motor pinioiis and 
pump gears. Starting torque may vary from 125 to 250 per cent, of normal 
operating torque. Where the electrical utility has no regulations to con- 
trary, squirrel-cage motors up to 50 hp. are used. The regulations of National 
Board of Fire Underwriters forbid squirrel-cage motors with both reciprocating 
and rotary pumps.* On larger sizes wound-rotor motors are used, as they do 
not draw so heavily on line current when starting.®^ Reciprocating pumps 
have been direct-connected to synchronous motors. It is generally possibife 

*Por fijBfi-protcction pumps of private buildings, or small muriidpalities, sec Proc. Nat. 
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to place sufficient weight in the rotor to secure flywheel action. Full-sized' 
bypasses must be provided to reduce the starting torciue A recent type of 
motor, termed supersynchronous, gives an improved starting torque with 
higher power factor.®* 

Use of Motors with Rotary Pumps. The General Electric Co. advises 
use of self-starting squirrel-cage motors up to 50 li})., and slip-ring motors 
for larger sizes. The regulations of the local electrical utility may, and those 
of the National Board of Fire Underwriters* do, forbid use of squirrel-cage 
motors. Starting torque for rotary pumps is but 50 i)er cent, of normal, and 
no bypass is recpiired.®* 

Use of Motors with Centrifugal Pumps.®® The high speed of these 
pumps makes possible the selection of a motor of the same speed for direct 
connection. Starting torque of centrifugal })umps is low, and increases to 
normal at normal speed. When a pump is ov(;rload(al, tlie power require- 
ments on the motor increase, and there is danger of overheating the motor. 
Many waterworks pumps are under changing loads due to variations in 
demands, with consequent chaiig(\s in pressun^s. IV) ])ro])ortion a motor for 
the normal conditions means that under maximum demand it will be over- 
loaded, with the consequent danger of overheating. This menace can be 
met in several ways: (1) Proportion the motor for the maximum load; this 
prevents the motor overheating, but increases the oi^erating costs, and gives 
a lower power factor. (2) Pro])ortion the motor to normal conditions and 
throttle the discharge to keep the ratio of head and discharge constant. This 
method, although simph?, is inefficient and sliould be utilized only when the 
condition of low head is infrequent. (8) Install a variable-speed motor, and 
vary speeds as required to keep i)ower requirements within specified limits. 
The last is recommended. 

With constant head, a squirrel-cage induction motqr (;an be used up to 50 
hp. If pumx^jing against subnormal head is a fre(iuent or ]>rolonged occurrence, 
a variable-speed motor will effect a gn^at saving in ox)eration costs. If the 
motor is d.c., it should be of the compound-wound tyi)e. 

Motor starters and controllers are essential to secure one of the chief 
advantages of electric drive: automatic starting and sto])})ing, and control 
from a distance. Most small stations are equipped with automatic starters, 
operated either by drop of water level in the reservoir, or by pressure reduc- 
tion in the system. A manual starter should also be i)rovided as a con venience 
and a safeguard. Protective equipment should be jwovided to throw the 
starting switch in case of supidy failure or overload. Motors above *3 hp. 
require special equipment to prevent damage to motor while coming up to 
speed. An auto-transformer is used in starting squirrel-cage motors. 
Remote control is particularly an advantage in railway water service.®® 

Manual starters should have no-voltage and overload devices to throw the 
starting switch in case of supply failure, or overload. Automatic equipment 
should also contain relays to open the circuit as required. Synchronous 
motors are usually controlled by compensators and field discharge switch. 
Automatic compensator may be actuated by push button, float switch, ther- 
mostat, or diaphragm pressure switch (pressure regulator) 

♦For fire-ptotection pumps of private buildings, or small municipalities, see Prodl Nat, Fire 
Protection Assn., 1925, p. 487. ^ „ 

to A. E. E. A., Bull, 2G1, 1924, p. 174. 
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A non-arcing float switch does not carry the current delivered to the motor, 
but only controls a relay magnet or solenoid, which operates a switch con- 
trolling the motor circuit. Range between high and low water may be varied 
by adjusting the distance between the knots in the cord which operates the 
float switch. There is no necessity for carrying large wires from the float 
switch to the motor; an ordinary lamp cord is sufficient between the float 
switoh and the self-starter; the float switch may then be installed near the 
tank and connected from any distance by means of lamp cord, or equivalent. 
Float switches are used to advantage where the area of the reservoir is large, 
and the change of elevation small. 

Pressure regulator (gage type) is designed for use with the systems of 
automatically st()])ping and starting motor-driven pumps, working in connec- 
tion with air or water systtnns, in which the governing is dependent on the pres- 
sure therein. The pressure regulator controls only the winding of a solenoid 
switch or relay and is a liourdon gage with a special pointer provided with a 
non-oxidizable contact tip, which travels between two adjustable contact riders; 
the inner rider marks the low-})ressure limit, and the outer rider the high- 
pressure limit. Circuit arrangements are sucli that but one side is connected 
to the gage at any time, so that danger of a short circuit is eliminated, and 
also the possibility of trouble from vibration. Range of adjustment is limited 
only by the range of the gage itself, and the contact riders may be set for start- 
ing and stopping the motor ui)on the variation of from 8 to 5 per cent, of the 
maximum pressure for w^hich the gage is designed. This ty])o should be used 
where the area of water storages is small and the standi)ipe is high, resulting 
in a large variation in the pressure, or in an installation where a float switch 
would be likely to get out of working order, by freezing or otherwise. 

Rates must be carefully stiulicid from the electric utility schedule. Electri- 
cal charges are based «n demand reciuirements, (usually a percentage of the 
horsepower of the motors), and favorable rates are commonly obtainable if 
pumping is restricbnl to j)eriods of low demand. At Concord, N. H., power 
charge was cut to I j cts. })er kw.-hr., by agreement to pump between 8 p.m. 
and 6 a.m., except in case of emergency; 18 i)lants employing single-stage 
pumps in lowa^ in 1917, averaging 0.26 mgd. (0.040 to 1.000 mgd.) against 
155-ft. head (14 to 305 ft.), required an average of 1080 kw.-hr. per million 
gal. (limits 500 to 1820) ; charges ])cr kw.-hr. varied from 1 .5 to 6 cts., averaging 
3.58. Similarly, for two-stage pumping, plants pumping from 0.025 to 
0.135 mgd. (average 0.066) against heads of 150 to 525 ft. (average 300), 
required an average of 4390 kw.-hr. per million gal. (1160 to 9000); charges 
varying from 1.7 to 5 and averaging 3.15 cts. Power rates premised on the 
maximum amount used in any continuous 2-hr. period influenced the design 
of pumps at Cohoes. 8 5 

Studies by Purdue University indicate that power used in Indiana munic- 
ipalities of .6000 to 11,000 people averaged 1310 kw.-hr. per 1,000,000 gaL, 
or 9.0 kw.-hr. per mg. 1 ft. high. Average cost per mg. 1 ft. high ranged from 
$0.07 to $1.35, averaging 37 cts.57 

Waterwheels are occasionally used to drive power pumps. At Peekskill; 
N. Y., waterwheels are used as alternative power for electricity for centrifugal 
pumps;2® at Lewiston, Maine, two Worthington duplex pumps of 
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capacity are driven from a single shaft through special gears by two 380-hp. 
Hercules turbines.®^ 

Gasoline engines*, (gas engines) have reached a high state of development 
through automotive use. They have the advantage of ease of operation and 
high speed (1000 to 1600 r.p.m.) controllable at the carbureter, making pos- 
sible direct connection to centrifugal pumps through a flexible coupling. 
They weigh much less than oil engines, of same capacity. Gas engines' should 
have 25 per cent, excess capacity to allow for wear of valves.®^ The fuel 
cost is very high^s and prohibits continuous o])eration. The gasoline con- 
sumption may be taken at 1 pt. per b. hp.-hr.,66 altlioiigh some manufacturers 
claim 0.7 to 0.9 pt. Oil consumption will vary from 0.05 to 0.07 lb. per b. 
hp.-hr. It takes IJ gal. denatured alcohol to do the same work as 1 gal. 
gasoline. Gasoline units are in general use as stan(l-b>\s for electric drive, 
generally on pumps •below 4-mgd. cai)acity.®® Th(\v are low in first cost, so 
that the stand-by charges are minimized. S. A. K, formula for hp.: B.hp. 
= OAD^Ny in which T) is bore in in., and N — mimlxu* of r.p.m. Power 
develoi)ed by gas-engine cylinders will lessen at high elevations above sea 
level, in certain proportion to diam. of cylinder, on account of diminished 
atmospheric pressure and consequent diminished quantity of oxygen per unit 
of air. For example: Gas engines of 100 b. hp. are scaled dowq to 80 hp., 
with fixed size of cylinder, uruh^r guarantees made for Denver, as against 
operation of same engine at or near sea level. 

Gas vs. Steam. Small steam pumping jdants are extravagant of fuel, while 
small gas plants arc practically as economical as larger, and although applica- 
tion of steam power to pumping is more direct than with gas, great fuel economy 
of gas-power apparatus enables it to operate at a profit at a much lower mechan- 
ical efficiency than the steam engine. For example: A small gas engine 
geared to a triplex powei* pump may result in a total mechanical efficiency 
of 75 per cent.; then, if engine and producer gbe 1 b. hp. for ] | lb. of coal per 
hr., coal per pump-hp. will be 2 lb. Small steam ])umping plant with a 
mechanical efficiency of 04 p(u- cent, recpiires not less than 4 lb. of coal per 


Table 160. Consumption of Gasoline for Pumping 


Gasoline or distil- 

ApiJroxirnate conHuniption 
when pumping 

of gji.soline or di.stillate in giil. i 
100 gal.s. per min., 100 ft. head 

;jer 24 hrs. 

late per effective 
horsepower per 


T;otal effi: 

eieney of pump 

and drive 



30 per cfujt. 

[ 40 per rent. 

j .50 per cent. 

j 00 per cent. 

j 70 per cent. 

A 

20.2 

15.2 

12.1 

10.0 

8.6 

J 

22.5 

16.8 

13.5 

11.3 

9.6 

i 

26. S 

18.9 

15.2 

12.8 

10.8 

1 

28.9 

21.8 

17.3 

14.4 

12.4 

1 

33.7 

25. ;3 

20.2 

16.7 

. 14.4 

i 

40.4 

30.3 

24.3 

20.0 

17.3 


To find approximate number of gallons of gasoline or distillate required per 24 hr. when pumping 
600 to i200 gal. per min., multiply water horsepower by 0.027, or when pumping 100 to 500 gab 
per min., multipb^ by 6.032. For theoretical water horsepower, multiply gal. per min. by totai 
head in ft., including friction in pipes, and divide by 4000. Error *» plus 1.1 per cent. lOO g.p.m. 
« 0.144 m.g.d. 

* The reiwier in referred to *MnterniBil Combustion Engines,” by l^obert L, Streeter (McGraw-Hill 
Book Company, Inc., 1923). Also ‘Gasoline Engine Drive for Centrifugal Pumps,” by T. M. 
Heermane,%«w. Mar. 8. 1921, p. 3|6. 
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pump-bp*-lir., and is doing well to accomplish this. Banking coal fires is 
costly, but is necessary to assure stand-by service for steam pumps. Stand-by 
gas engines entail no fuel charge when idle. 

Starting gasoline engines requires starters, which should be operated in 
large engines by' electricity; if gas engines are a stand-by to electric drive, 
storage batteries must be used. At St. Thomas, Ont.,®® these batteries were 
charged from the engines, but infrequent operation resulted in insufficient 
charging, and the city current was utilized by means of a tungar rectifier; all 
batteries were eventually assembled conveniently behind the switchboard. 
Each engine should have a separate gasoline tank. 

Gas engines* supplanted steam engines under steam from boilers fueled 
by natural gas at a saving in fuel (natural gas from city-owned wells) of about 
two-thirds, ‘ at Clarksburg, W. Va.^o Equipment consists of 4-mgd. centrifu- 
gal pump for 35-ft. head., driven by 50-hp. engine (filter-bed service), and 
4-mgd. pump, for 35()-ft. head, driven by 35()-hp. engine. Double-helical 
gears step up engine speed from 200 to 1385 r.p.m. During 10-day continuous 
run of both units, 82,200 cu. ft. of gas per day were consumed; delivery was 
held up to 4.1 mgd. against 30- and 330-ft. heads, giving load of 285.5 water 
hp. At 6 cts. per 1000 cu. ft. (used as basis for reckoning, although local 
commercial rate is 8 cts.), fuel costs $0.06 per hp., per year, or 0.079 Ct. per 
hp.-hr. Cost of equi])meiit, foundations, cranes, piping, etc. was near $31,400. 
Interest, depreciation, and up-keep, all covered l)y 10 per (5ent., would amount 
to $3140, giving pumping cost per hp.-hr., exclusive of labor and supplies, 
of 0.217 ct. 


Gas producers t have proved economical where no other gas su))ply is avail- 
able. At Manchester, Mass.,7i the units showed an avenige efficiency of 
150 million ft.-lb. per 100 lb. of fuel. Town gas is seldom used in Great 
Britain, producers beiiig the rule. Johnstone-Taylor®^ says that well-designed 
gas engines and producers will give 1 b. hp. on less than 0.75 lb. good 
anthracite. • 


Oil engines!: have been used in water works practice to drive both recipro- 
cating and centrifugal pumps. The expiration of the Diesel patents in the 
United States in 1913 gave a great impetus to American makes, § which have 
now been devcloi)ed to a point where they are economical and dependable. 
They are made uj) to 6000 hp. At New Britain, Conn., Hazeii in 1923 geared 
a horizontal duplex plunger pump to a two-cylinder, two-cycle, vertical, solid- 
injection full-Diescl engine. Distinctive features of the Diesel system are the 
use of a compression temperature sufficient for ignition and the atomization 
of the fuel oil by compressed air. The Diesel engine is unique among internal- 


* Some types of engines having a proper manifold, notably Buda, operate also with gas or 
kerosene. 

t Makers of producers include Coalesville Boiler Works; Milwaukee Reliance Boiler Works; 
Smith Gas Engineering Co., Dayton, Ohio. 


tReader is referred to: “ Diesel Eng 
Inc., 1923). “ Intern^ Ccmibustioii 


’ by Lacey H. Morrison (McGraw-Hill Book Company, 
Jingincs,.” by Robert L. Streeter (McGraw-Hill Book Com- 
pany, Inc., 1923). “The Design and Construction of Oil PJngines,” by A. H. Goldingham (Spon 
Chamberlain, i922). “Diesel Engine Practice,” ^ A. H. Pritchard, Power Plant Eng»^ Sept, 
16. 1921, p. 901; Oct. 1, 1921, p. 952. “Diesel Oil Engine for Water Works Service” by Luoke, 

J. N. E. W. W. A., Vol*. 37, 1923, p. 145. ^ , . 

S Makers of Diesels include:’'® Allis Chalmers; Busch-Sulzer Co., Ingersoll-Rand Co., Mclatoaili# 
& SgrmoUr Go., William Graff & Sons, New York Snip Building Co., Worthington Pump & 

^^Makers of semi-Diesels include: August Mietz Corp., Fairbanks-Morse Corp., Besseinejf^ 

Co., Burnoil Engine Co., St. Mary’s Engine Co. ^ , 

Makers of heavy-oil engines include: Bohnders Co., New York. 
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combustion engines, in that the admission of the fuel is gradual, so that the 
combustion is not of an explosive nature, and during combustion the pressure 
does hot rise appreciably .-*7 

There are two types: Diesel and semi-Diesel. The latter differ from the 
true Diesels in having an uncooled portion of the coinbxistioh space; they are 
subject to lower pressure.^it Semi-Diesels do not cost so much as Diesels; 
they run at lower pressures, have fewer working parts, but have lower effi- 
ciencies and are not so convenient to start 46b More semi-Diesels than 
Diesels were built in the United States in 1021.72 

Advantages. (1) There is high thermal efficiency. An oil-engine recii)ro- 
cating pump unit can operate on a fuel cost equivalent to a duty of 225 million 
ft.-lb. per 1000 lb. of stearn.73 (2) Efficiency is independent of size of unit. 
(3) Internal-combustion engines are self-contained plants, involving no costs 
for auxiliaries and boilers. (4) Variable loads can be accommodated by 
using several small units, as loads can be tak(ni without any preliminary 
warming up. (5) Operating cost is lower than gas or steam.* (6) Charges 
for maintaining steam in idle stand-by equipment are absent. (7) A gas 
engine can be put into service to take additional load Tiiore quickly than a 
steam engine. (8) Fuel consumption is practically constant under a wide 
range of load; loads 30 to 40 per cent, above the rated capacity may be 
carried.' (9) Diesel engines require about one-third the lubricating oil of 
gasoline or semi-Diesel engines.46c ]h*octor74 prefers Diesels to gas engines 
for stand-by service. Diesels are used as stand-l)ys in many hydro-electric 
plants in Europe (for list, see Elec. Worlds Jan. 8, 1921 , }). 95). Bymonds found 
them ideal installation in i)umping stations requiring 25 to 150 hp.7i 

Disadvantages. (1) Gearing is necessary in driving most (^) 

Heavier construction than gas engines is important in export shipment and 
floor loads. (3) Large floor space is required. (4) Compared to pumping 
engines, they are not so easily adai)tcd to |)ositive dis|)la cement pumps,76 and 
they are not so reliable. (5) The first cost is high, (b) Sticking of exhaust 
valves caused considerable difficulty at Palo Alto. *7 (7) Liability to smoke 

when subjected to fluctuating loads. Lucko47 claims that well-designed air- 
injection Diesel engines are smokeless. (8) They operate at constant speed. 

(9) Lack of accessibility to moving parts in some types adds to cost of repairs.78 

(10) Complaints are made in residential districts of vibrations, noises, t and 
odors.46d Muffling will lessen these at a small loss of power. (11) Remote 
control is not possible for starting, altliough they can be stopped from a 
distance. (12) There is diminution of power at high altitudes (see Robie, 
Eng. Mining^ June 5, 1920, p. 1269). (13) There is uncertain life, although 
McMullin®4 places it at 25 yrs. 

Fuel Diesel engines can use any fuel oil that can be forced through a 
pipe. Tests of waterworks pumps at Amsterdam, Holland,^® with an 
exceedingly heavy Mexican crude oil, sp. gr. at 15®C. = 0.862, with an excess- 
ive percentage of sulphur and asphaltum, proved that it could be used success- 
fully, but only under the most favorable conditions. Commonly, Diesel 

*For comparison of steam-turbine and Diesel operating costs, see Power, Nov, 16, 1920, p. 787. 
At Sioux Falls, two Diesels driving triplex piin)p8 replaced one vertical triple-expansion and one 
horizontal cross-compound steam pump in 191S and cut cost of fuel, lubricants, waste, and repairs 
from $20.48 to $10.61 per mg. 

t Noises are analysed in Eng.t June 11, 1920, p. 797. 
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engines require | pt. (0.0625 gal.)74 of crude oil per hp. per hr. Tests at Palo 
Alto, Cal., gave at full load, 0.0492; at three-quarters load, 0.0487, and at 
half load, 0.0556 gal. per b. hp. Engines for Gloucester, N. J.,79 were pur- 
chased under a guaranteed consumption of 0.065 gal. (0.48 lb.) per b. hp.-hr. ; 
in operation they averaged 0.0624 gal., on basis of 18,500 B.t.u. per lb. of fuel 
oil. Every precaution should be taken to eliminate foreign matter from the 
fuel oil. Quality of fuel oil is most important Moore®2 cites eight desirable 
tests: specific gravity, closed flash point, cold test, heat value, ash content, 
water content, coke value, and content of hard asphalturn. 

Gearing, Since oil engines operate at constant speed, gearing is essential 
in most cavses for connecting to centrifugal or recii)rocating pumps. Speed of 
Diesel engines varies from 150 to 375 r.p.m.47 The modern herringbone gear 
can be used in single reduction for speed ratio of 1 : 5^ bringing the resultant 
speed within the range of centrifugal i)umi) speeds. For low-heads it may be 
possible to use a low-spe'ed centrifugal direct conne(;ted.47 A reciprocating 
power pump with the water end equipped with an outside center-packed 
plunger, operating normally at 165 r.p.m., was run at 200 r.p.m. successfully 
at Buflalo.47 Single-reduction gears met requirements of rim speed. A tri- 
plex pump usually operates at a speed of 35 to 60 r.p.m. To obviate the gear 
losses, Diesel engines in the pumping station at Gloucester, N. J., are direct 
connected to generators at 400 r.p.m., which sui)ply current for electric drive 
of the centrifugal pumps.79 


STATIONS* 

Superstructures, t Fireproof construction is essential. Brick and stone 
are most satisfactory materials for exterior, and terra cotta, enameled brick, 
or other material ])r'^'.s(witing a clean and non-absorbent surface, for interior. 
Concrete floors should be surfaced with terrazo or tile; where economy pre- 
vents, concrete surfaces should be covered with a heavy non-absorbent paint 
adapted to concrete. A double ceiling is desirable to prevent sweating; rock 
plaster on metal lath hung from lower-chord purlins will suffice. Booster 
pumping stations in residential districts should be made as soundproof as 
possible and architecture should conform to near-by structures. 

Architectural Details, (k)pper roofs liave relatively short life in some 
situations, due to acid in atmos])lierc and other causes. Red Conossera 
Spanish and similar tile roofs for gate houses are satisfactory in appearance; 
but for weathertightness in climate with high winds and drifting snow they 
are not adapted, unless laid on steep slopes with tight roofs beneath . Thin slates 
and terra-cotta tiles are liable to breakage by stones thrown by mischievous 
persons, by bullets, and sometimes by frost. Board of Water Supply, New 
York, has adopted strong reinforced-concrete tiles to meet this trouble and 
for other reasons.! These tiles are about 24 by 32 in., thick. 

Roof frames are of steel protected from corrosion by heavy mortar coat. In 
some waterworks structures wood in roofs and other parts is rapidly decayed 

♦ For operation rules for army cantonments, see J. A. W, W. A., Vol. CjJtOlO, p. 174. 

t See “Modern Waterworks Pumping Stations,” by C. B. Burdick, J. A. W, W. A., Vol, 11, 1024^ 
p, 371, which shows exterior designs. 

i Manufactured by American Cement Tile Mfg. Co., Pittsburgh. . 
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by dampness. Ample ventilation is a help. Windows should be of heavy 
wire glass, with Monel metal or other rustless wire,* and in some situations 
must be protected by shutters, grilles, or strong wire netting. For very 
permanent construction set glass in metal sash ojr directly in the masonry. 
Strong rustless wire screens of coarse mesh are useiut in chimney tops to keep 
out birds and other obstructions; also outside of windows to keep out birds 
and prevent breaking of glass by stone throwing. Doors should have shls 
an inch or more above floor. In some buildings freezing of condensed moisture 
on inside of building interferes with operation of doors, windows, and other 
moving parts. Doors should be at least 2| in. thick. 



Cubic Conl-cn+S (OuHicAe) Hunc^red Thou '-.and Cu.H, 


Fig. 224. — Approximate cost of stations and reservoirs reduced to 1923 
price basis.80 A, B, D, pumping stations; C, covennl reservoirs; auxiliary 
buildings. 

Architectural treatment^ of gate houses and pumping stations has been 
found an asset in impressing the consumer with the care taken with the water 
supply. For Catskill aqueduct houses, see E. R., Feb. 5, 1916, p. 174,. and 
Proc. Cpficrete Inst, 1915, p. 563. 

Suction wells are often placed low enough so that water from the intake 
enters by gravity. This generally means that they are sunk low in wet ground, 
and that the large size makes the sinking a real problem in foundations. 
Commonly construction is sublet to one of the large foundation companies 
specializing in such work. For Louisville work, see E. N. R,, May 9, 1918, 
p. 905; for Vicksburg, see E» N, R., Dec. 31, 1925, p. 1078. 

* On Catskill aqueduct Btructurcs, auch glass was furnished by Pennsylvania Wire Qllwa Co.| 
Philadelphia. ‘ : 

t For danii|;.see p. 118. 
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Table 161. Coat of Pumping Station Buildings*** 



Cost 

Contract 

date 

CubiC 

feet 

(thou- 

sands)* 

Cost 

per 

cubic 

foot, 

cents 

fjost 

pnee 

basc1 

Present 

price 

base 

(March 

1923)t 

Present 
cost per 
cubic 
foot.t 
cents 

Pumping statiou't 

Des Moines, Iowa 

*220, 47<) 

1920 23 

810 0 

27 0 

17S 

198 

30 0 

Ashland, Ky 

3LI‘G 

Ott 1921 

130 0 

26 1 

159 

198 

32 8 

Orlando, Fla 

91,800 

Sept. 1922 

510 0 

IS 0 

180 

198 

19 8 

lion wood, Mieh : 

Main station 

29,155 

July 1920 

65 0 

44 8 

269 

198 

33 0 

Sub-stations 

9,64 1 

.Inly 1920 
Sept 1021 

7 5 

61 2 

269 

1 198 

47 6 

Manistnjiuo, Mich 

71,379 

i 110 0 

51 0 

1.56 

198 

65 0 

La Crosse, Wis 

50,8.U 

Nov 1912 

484 0 

10 5 

100 

19S 

20 8 

Prairie du Cliien, \\ is 

21,017 

Sept 1921 

77 8 

27 0 

1.56 

108 

31 3 

^ Auxdiat g Uinldings 

Des Moines garage 

1 

51.027 

May 1922 

390 0 

13 1 

160 

198 

16 2 

Des Moines wareliouse 

18,751 

May 1922 

111 0 

16 S 

1()0 

198 

21 0 

Des Mmnes fottage*, 

3 eottngf's, 1 families, 
22 rooms 

20,430 

May 1922 

IS 0 

29 2 

160 

198 

30 0 

Iron wood cottages 

2 cottages, 2 families, 
12 rooms 

1(»,900 

1 

July 1920 

1() 0 

44 5 

2()9 

198 

33 0 


* Ii]ach buildiiif;, whw iiioio tlian one nts basoil on outmdi* measurements footing to 

average roof 

I Huilding rnateriulft U S DeTiartmeid of Labor 
As of date Apr 1, 1023 

• 

Safe Station Duty. Tlio folio wing facts are to be considered in arriving 
at safe station duty: {n) Capacity and head. (6) Boilers. Two boilers per 
battery are used in the punijiing stations of Now York C^ity. (c) Metliod 
of firing, (t/) Ci’ade of coal, (c) Pump efficiency. (/) (''aref illness of 
maintenance and oiieration. (jg) Efficiency of attendants and the general 
standards of the department. Assume 115 million ft. 4b. duty per 100 lb. 
of coal for large stations, for a})j)roxiiiiate estimate's. 
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CHAPTER 23 


RESERVE STORAGE 

IN DISTRIBUTION RESERVOIRS, STANDPIPES, AND TANKS ^ 

Function. Adequate reserve storage near the j)oint of demand assures 
freedom from interruption of supply by failure of a pumping station, filtration 
plant, or long conduit. There should be at all times enough water stored both 
to furnish several fire streams and to meet the domestic peak demands for 
several hours or several days, depending upon circumstances. Reserve stor- 
age is intended primarily to equalize hourly and daily fluctuations; monthly 
and seasonal variations are generally met by regulation at source of supply. 
Other advantages* are: (a) reduced sizes of conduits, pumps, and filters; (h) 
higher pump efhcierujy, due to uniform head; (c) uniform draft from wells, 
with least disturbance of water-table equilibrium (see p. 243) ; (d) limitation of 
pumping to a few hours a day in small plants; (c) longer time for making 
repairs; (/) filling of reservoirs by small electrically operated plants during 
hours of low power demand at reduced rates (see p. 525) ; (g) improvement of 
insurance rating of the system; (//.) greater public confidence in the system; 
(i) imj)rovement of fire i)rcssures by supplying the distribution system from 
more than one dire(;tion. Clear-water basins of treatment plants function 
as reserve storage, although often at a low elevation and of small capacity. 

Location. The best location for reserve storage where fire requirements 
predominate is near th« high-value district and on the opposite side of it from 
the source of supply, so that water can be delivered from both directions, with 
conseciuent gain in quantity and pressure. Feeding hydrants from two 
directions, instead of one, eliminates 75 per cent, of the loss of head. Loca- 
tion must also be governed by topographical considerations, to secure the 
required elevation of flow line, and by geological ones, to avoid excessive rock 
excavation. Generally sites free from rock are chosen, although the circular 
reservoir at Dubuque,^ 41 ft. deep, goes 10 to 20 ft. into rock. 

Elevation of flow line may be determined by fire-pressure requirements, 
by topography, or by pumi>ing economics. The flow line must be high 
enough to give the requisite fire pressure with allowance for friction losses in 
the pipes under high flows and when the storage is drawn down several feet. 
Where there are two or more reserve storages on the s.vstem, flow must be 
regulated by check valves; see Needham experience in E. A., June 1, 1916, 
p. 1030. Bear in mind that water is extracted at fire-demand rates so that 
friction losses are fixed by effluent rather than influent rates. Reserve storage 
can be filled at times of minimum friction losses. Wherever it is necessary 
to place the flow line below that elevation fixed by fire pressures, the reservoir 
is put out of service during a fire by closing valves on the reservoir feeder, 
commonly by electric control (see p. 443). Under these operating couditiousy 

* See also p. 469. 
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the reservoir provides a safeguard and equalises domestic' demands; but 
reliance for fire-fighting rests entirely on the auxiliary pumping equipment. 

Essentials. Proximity to high-value district, at proper elevation ; safe con- 
struction for populous districts; architectural and engineering design that will 
not depreciate real estate values; .watertightness (leakage when visible leads 
to apprehension; leakage on concrete tanks results in unsightly spots; waste 
is costly because water has a higher value than in impounding reservoirs, 
since money has been expended on its conveyance; leakage may damage the 
surrounding high-value district) ; lining for reservoirs in earth or rock to prevent 
leakage, to facilitate cleaning, and, in covered reservoirs, to distribute roof 
loads; roof, under some conditions (see p. 538); control works (see p. 536). 

Types Compared. Water may be stored in open or covered reservoirs, 
in standpipes, or in tanks on towers. Open reservoirs with earth embank- 
ments are cheapest for large quantities. A reiiiforced-concrete reservoir is 
likely to be tighter and safer than a lined earth enibankment. Questionable 
watertightness of coarse gravel underlying a site commanding the high- 
value district at Duluth led to decision for a reinforced-concrete reseVvoir 
(see also p. 541). Standpipes or tanks on towers or buildings are neces- 
sary to store water at elevations required for fire ])ressures where topographical 
or other conditions prevent use of shallow reservoirs. They takg less area, 
and may be near the high-value district, thus cutting down friction losses. 
Steel standpipes were much used until 1910, but not in recent years, due to 
lack of economy and to great danger of failure in high standpipes. Very tall 
standpipes of small diam. lack economy because the useful capacity is only 
that above the required elevation; water below serves only as sup])ort, but 
demands an expensive shell for its retention; a steel tower is cheaper and 
more suitable support.^^ The higher the storage elevation the more expensive 
the standpipe. An extremely high standpipe may cost several times a tank 
on tower. Standpipes are economical only where relatively large capacity 
is needed and the elevation of the ground permits the whole capacity to be 
useful. The disadvantage of dead storage in standpipes may be overcome 
in some situations by a dual tank, as at South Poland, Maine,'!^ where an 
ingot-iron bottom is inserted near top to give a capacity of 26,000 gal. for 
sprinkler pressure with 400,000 below for ordinary supply. Ingot iron was 
chosen because of resistance to corrosion when alternately wet and dry. Ele- 
vated tanks in cold climates reqpire frostproofing of riser pipes. Tliey are 
ugly unless architecturally well treated. Their conical or hemospherical 
bottoms afford opportunity for sedimentation; blow-offs are provided for dis- 
charging the sediment. 

Size Required. The standard schedule of the National Board of Fire 
Underwriters; assumes a lO-hr. fire in cities over 2000 population and a 5-hr. 
fire for smaller towns. Most Boards of Underwriters recommend 350 per cent, 
of the maximum daily consumption. 

Large City. In a large city reserve storage must be sufficient to equalize 
fluctuations in demand and supply and to restrict the operating of additional 
pumps.* The consumption rate throughout the 24 hr. usually varies less in 
large cities than in small communities, and a smaller percentage of equalizing 

* See ''Roft^rvoirB va. Additional Fumps for Peak Demands,'’ by Quajrle, E. N, i?., AuH. 25, 
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capacity is needed. For 24-hr. periods, the excess consumption is not over 6 
per cent, in Manhattan borough, and 9 per cent, in Brooklyn, New York City. 
The night flow is assumed at 50 per cent, the day flow; 12 per cent, from an 
equalizing reservoir would prevent undesirable fluctuations. An equalizing 
reservoir is much more necessary for a grade aqueduct than for a pressure pipe. 
New York City has 72 days’ reserve in Hill View and Kensico reservoirs. The 
terminal reservoir of Los Angeles aqueduct holds 180 days’ supply. 

For a City of 50,000. Five methods of computing the requisite capacity: 
(1) John R. Freeman^ recommends a storage capacity of 1,000,000 gal. for 
each 15,000 population, for 6 hr. to provide fire protection. (2) J. T. Fan- 
nings reckons the combined fire and domestic consumption for a city of 50,000 
as at the rate of 12,000,000 gal. per day. (3) Consider 18 fire streams, each 
discharging 250 gal. per min., operating for 6 hr. If the reservoir is to supply 
this emergency draft, it must give out 250 X 60 X 0 X 18 = 1,600,000 gal. 
Assume maximum domestic consumption at the same time. From pumping 
or other records (see p. 573) plot a curve of hourly variation of consumption; 
on this i)ick out the 6-lir. stretch giving the greatest consumption, and com- 
pare with the rate per day. It gives say 20 per cent, excess. If the average 
rate of consumption on a summer’s day (or any other season of maximum 
use) is 8 tqgd., the storage required in the reservoir is 0.25 X 120 per cent. X 
8 4- 1.6 == 4,000,000 gal. (in 6 hr.). In the report of National Board of Fire 
Underwriters on a manufacturing city of 50,000 it is recommended that 
8000 gal. per min. be available in the downtown district. For a 6-hr. fire, 
2,800,000 gal. would be reciuired. If the maximum domestic consumption 
were occurring at the same time, the reservoir supply must be 2.8 + 2.4 = 
5.2 million gal, in 6 hr. 

,Aptilian aqueduct, Italy ,46 152 mi. long, supplies communities located 
from 15 to 20 mi. from»the acpieduct. Each community has a reserve storage 
amounting to 72-hr. supply if pumping is required, and 48-hr. for a gravity 
supply. 

Tank or- Standpipe. With a liberal allowance for increase in population, 
30 gal., per inhabitant should be the minimum capacity; no tank for municipal 


Table 162. Maximum Fire Streams Obtainable from Tanks at Various 

Elevations^ 
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supply should have a capacity less than 30,000 gal. For institutions, make a 
careful investigation of the water used and allow a large excess for fire pro- 
tection. Capacity and height for fire protection to factory buildings are 
generally prescribed by the insurance companies. For industrial tanks, see 
J. A. W. W. A., Vol. 6, 1919, p. 705. 

Appurtenances.* Although reserve storage is not intended primarily to 
facilitate sedimentation, it often so functions, and provisions must be made 
for cleaning, A reservoir may have a lining, sloping to a sump, drains, and 
dividing walls so that parts of the basin can be cut out without interrupting 
service. 

Pipes. The largest reservoirs have separate influents and effluents with 
means for drawing water at different elevations. Smaller reservoirs have but 
one pipe, the flow being reversed when demand excreeds supply. The inlet 
generally discharges at the far corner and the effluent is drawn near the gate 
house to prevent stagnation. The outlet should have a bell mouth to prevent 
entry losses and a strainer with large total area at openings. f (^hcck valves 
should be provided to assure one-way flow. 

Ladders. Standpipes and towers require ladders inside and outside for 
access. These should be heavily galvanized or of material that does not cor- 
rode or rot. Metal rungs should be 8 in. from wall, so as to (^ome under 
instep with large boots; G in. not enough; rungs should l)e at least f in. 

Sedimentation basins require special provisions for accelerating sedimenta- 
tion and quickly removing the sediment. To secure uniform flow at low 
velocity and prevent stagnation, influent and effluent troughs ai‘e placed on 
top of opposite longitudinal walls, and controlled by weir boards; these are 
termed skimming weirs. 

Baffles are comrnoidy installed to divert currents downward or upward. 
They are generall}^ of wood so that they may be readily modified as conditions 
dictate. Jlaffles are occasionally subjected, during emptying or filling, to 
several feet difference in head on opposite sides, and should be designed ac- 
cordingly. Too rapid filling of the Toledo basin® built up a head of 5.5 ft. 
against a ])lain concrete baffle, causing it to collapse with parts of the roof. 

For blowing off sediment, bottoms are commonly formed into hoppers; 
at the apex of cacdi there is a quick-oi)ening valve? to the drainage system; by 
opening one at a time the effluent will wash out considerable sediment. Large 
basins must be put out of service and cleaned by men and trucks or machines. 
A Ford car hauling a plank drag brought sediment averaging 8 in. thick to the 
drain outlet at Trenton reservoir.^^2 

Reservoir controls should include all necessary valves and gages. Where 
there is to be an electrical gage recorder (see p. 5G9), provide tubes for floats. 
There should always be overflows to drains or waste conduits. Each pipe 
line should be controlled by a valve. All valves should be operated from one 
floor, having extension stems, if necessary. Altitude control valves (see p. 
451) are often installed to shut off the flow when the reservoir is filled. Valves 
are often electrically operated from the pumping station or other distant place, 
for cutting out the reservoir so that pressure may be increased for fires. Sioyx 
Falls is typical; with the standpipe on the line, the pressure cannot exceed 

♦ For water-level recorders, Bee p. 569. 

t Sec p. 451. 
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72 lb. To attain the 108-lb. fire pressure, the standpipe is shut off by hydrau- 
lic valves' controlled electrically from the pumping station (for various forms 
of control chamber, see Angus, Can, Eng,, April, 1924, p. 14). Generally, 
the control works are in the embankment, or outside the reservoir, but occa- 
sionally as at Columbus, Ga.,® to secure best circulation of water, chambers are 
located in the reservoir and reached by boat, or bridge. 

* Covered vs. Open Reservoirs. Modern practice favors covering of 
reservoirs if ground or filtered waters are stored. Otherwise the stored waters 
deteriorate due to growths of offensive microorganisms in sunlight, and fre- 
quent interruptions for cleaning materially affect the net income of tlie 
department.! Covering adds about 15 to 20 per cent, to cost.! On the 
ground of economy, Maury rei)orted against roofing the Dubuque reservoir;' 
although conceding that the roof would prevent growths of algae, lie claimed 
that these are harmless and can be cheaply prevented by other means. Bene- 
fits of covering (which apply as well to surface waters) are : reduction of evap- 
oration, safeguarding from pollution,! protection from freezing, maintenance 
of low temperature in summer, no modification of structure if water is eventu- 
ally filtered. Hoofs on water tanks, particularly small tanks on buildings, 
prevent them from becoming breeding places for rnosciiiitoes, flies, etc. In 
cold climates roofs arc commonly omitted from steel tanks on account of ice. 

RESERVOIRSII 

General Classes. Geological conditions and structural preferences have 
resulted in types ranging from a dam across a valley to a covered reiiiforced- 
concrete structure above ground. The most common tyq)e is partly in cut, 
with embankments formed from the excavation, lined to minimize seepage and 
to facilitate cleaning. Where the material is unsuit:ij)le for embankments, 
the area limited, or much rock excavation required, it may be expedient to 

build a standpipe, a tank on a tower, or a rein- 
forced“(!oncrete reservoir. 

Depth of Water. Shallow reservoirs more 
readily affected by temperature variations, 
demand more frequent cleaning, and require 
longer walls and more real estate for a given 
capacity. On the other liand, shallow reservoirs 
reduce the rock excavation and unit wall costs, 
and give a more uniform pressure in the mains with less variation in the 
working load on the pumps. With earth embankments depth of reservoir 
and design of embankment should balance cut and fill. Depths of water 
are generally 12 to 18 ft. in reservoirs below 5-mg. capacity. 

Lining.* A good watertight lining can be made of properly proportioned 
asphaltic concrete a few inches thick, similar to that used for highway sur- 
facing, or of Portland cement concrete. Concrete may be monolithic, with 

* See also p. 639. 

t See Bunker apd Nolfce, J. N. E W. W. A., Vol. 37. 1923, p. 261. ^ ^ ^ 

i Maury* calculated in 1916 that a 7.5-mK. circular reservoir at Dubuque would cost $85,000 
open and $102, 0(^ covered. ■ ^ 

5 “It has not been unusual to fish drowned cats, dogs, cows, and even babies put of uncovered 
reservoirs” (McDonnell).* ^ , . , . , ^ * 

il Sediznent^^OJh and cleajvwster basins of treatment plants have the same structural features 
;:-,as ^ervoirs.,:^:. < .■ v: 
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Fig. 226. — Queen Lane 
Reservoir, ^ Philadelphia. 
Expansion joint in floor. 
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or without reinforcement, but thickness is best controlled from screed boards 
by laying in alternate squares on floors, and in strips on slopes. Top forms 
were used in constructing paving for channel at Shennan Island power house.ii® 
Floor blocks should be separated by three-ply tar paper; such floors can 
undergo some settlement without undue leakage. . Lining thickness is depend- 
ent on geology. Professor Matthewsi^ of University of London holds that 6 in^ 
should be specified for water depths up to 15 ft., 9 in. from 15 to 25 ft., and 
12 in. from 25 to 35 ft. Justiids saj'^s that blocks should be not larger than 
6 by 6 ft., and thickness in in. should equal length in ft. Many linings have 
cracked under the weiglit of water. Sloi)e paving is generally placed in alter- 
nate strips 5 to 8 ft. wide. Concrete can be cast fairly wet on a l-on-2 
slope.14 Delay due to waiting for the lower concrete to set was avoided 
on the Omaha reservoir^s by placing in horizontal strips around the rectan- 
gular basin; tliis allowed a wetter concrete than in vertical strips, of a 
consistence best suited to reinforced concrete without the slipping of the fresh 
concrete caused by pressure from the superposed material. A complete 
horizontal course was placed each day. Mix was 1:3: 5, with integral water- 
proofing in the tempering water. Slope paving should abut against a curb, 
which should extend not less than 18 in. below the bottom of the paving. 

Reinj of cement of monolithic paving is commonly 0.3 per cent, of area of 
cross-section of concrete. Paving of reservoir at Portland, Ore.,^® 5 to 6 in. . 
thick, and reiriforced 0.1 per cent, with f-in. rods 24 in. center to center, 
cracked befoi’e filling, and more cracks developed after filling. Reinforce- 
ment of 6-in. monolithic lining at 
Omaha' 5 consisted of |-in. square 
twisted bars on 8-in. centers both 
ways, with lower bar \\ in. above 
bottom of slab. Bars were tied at 
every fourth intersection by special 
ties shaped to be used also as chairs. 

The monolithic lining for a small 
reservoir at Al)crdecn, Wash.,'^ is 
6 in. thick, consisting of fi-in. base 
with one bag of cement to 5 cu. ft. of _ 

concrete, and a 1-in. top of 1:2.5 

mortar, reinforced with No. 28 tri- Yig, 227.— Expansion joint, floor of 
angular mesh. No noticeable leak- Vancouver Reservoir, 

age occurred first, but in 1925 

Supt. S. C. Watkins reported the leakage as ^‘too great,” and that ^^it is an 
absolute mistake to omit proper expansion joints.” At Covington, Ky.,'® the 
monolithic lining consisted of a 6-in. base mixed 1:2:4 and reinforced with wire 
cloth (No. 10 wires 4 in. center to center) 8 ft. wide, with longitudinal joints 
lapped 8 in.; a l-in. top coat of 1 : 2 mortar was applied after the base had set. 
Justin'® questions the value of monolithic paving; settlement may allow slab 
to break, and leakage or wave wash cause failure of the embankment. Whe4|; 
lining is cast in blocks,^® reinforcement is commonly omitted. Slabi^ 
square and 6 in. thick laid with asphalt joints but without 

♦See also J. A. W. W. A., Vol. IS, 1926, p. 118. 
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successfully moved about 18 ft. on rollers and replaced after subgrade repairs, 
without injury.*® 

Expansion joints are essential in linings exposed to great temperature 
variations, to relieve the stress; Seattle designs are shown in Fig. 229; the 
recent design was developed to prevent asphalt being forced between lining 
and rib by water pressure. Kxpansioii joints my be replaced, but at loss of 
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Weep holes,half round, of about? "radius shall extend entirely through 
concrete of positions direcfedppproximafe/y as indicated, at each joint 

Ficj. 228. — Hill View Reservoir, New York City. Typical details of linings. 
(Variations above berm are for landscape (effect.) 
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economy, by adecpiate reinforcement. Authorities have never agreed as to 
the quantity of ‘temperature steel’’ required; considerable money can be 
involved in this item. Sec Table 163. ^ 

Failure of Lining. Many reservoirs with lined embankments are not 
watertight, leakage occurring (1) at intersections of slopes with bottom or 
berms; (2) at cracks in lining caused by excessive weight of water; (3) in the 



A, Beacon Hill Reservoir, 2® 1911. B, Recent design of contrac- 
tion joint. 

Fig. 229. — Joints in lining at Seattle. 


joints between slabs; or (4) through porous places in the lining. Puddled 
embankments and compacted floors add to watertightness. 

„ Repairs to Lining. Leaks have been stopped by cutting V-shaped grooves 
li in. deep, and of 1-in. maximum width, and filling carefully withjronite 
|itnd cement;* by a superposed inner lining (Walnut Hill reservoir, Omaha, 
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and Compton Hill reservoir, St. Louiszs); or by coating of gunite (Kirkpatrick 
Hill reservoir, Nashville, 29 West Park pool, Pittsburgh, Mt. Vernon, Iowa,®® 
Herron Hill reservoir, Pittsburgh. 23) Gunite has been used as the only 
lining at Muscatine, Iowa .22 

Leakage under test from reservoir 180-ft. diam. and 40 ft. deep is reported 
by Maury as 32,000 gal. in 24 hr. All cracks were subsequently treated with 
a mixture of pulverized iron and cement, and structure under second test 
proved ^^as nearly watertight as it is possible to make such a structure.^'' 

Construction plant is peculiar to each job; technical articles dealing there- 
with cannot properly be abstracted in a handbook. The jdant on the Baldwin 
reservoir for Cleveland is described in E. N. 7?., Nov. 30, 1922, p. 916. The 
planting for filtration plant construction and for covered reservoirs is somewhat 
similar, and much information can be acquired from articles on both subjects. 

Reservoir walls are more costly than lined embankments but are justified 
where excavation must be saved, where there is rock, where tightness is essen- 
tial, where the materials excavated are unsatisfactory for tight embankments, 
or where a roof must be supported.* Walls should be calculated to withstand 
all conditions of loading; a questionable practice, although utilized for groined- 
arch analysis, relies on the passive resistance of the earth backfill to reduce 
the effect of the water pressure, t Close analysis by iralmos34 disclosed that 
the elastic deformation of the wall under full fluid and earth load would not 
produce sufficient passive resistance in the earth fill ; the walls of the reservoirs 
at Three Rivers, (iue., were consequently reinforced against water load. 
Equivalent fluid loads are generally used by designers in calculating earth- 
load stresses; these range from 30 to 35 lb. per cii. ft. Tlie swimming pool 
at Camp Dodge, Iowa,25 was calculated on the basis of 30 lb. and a weight of 
earth of 100 lb. per cu. ft. Dividing walls should be reinforced for either 
basin empty and the oilier full. 

Gravity-type walls were used in many open reservoirs, but their lack of 
economy in resisting both conditions of loading (reservoir full and reservoir 
empty, with earth load acting) led to the use of reinforced-concrete walls. 
Reinforced-concrete construcition J offers the designer many choices: (a) 
vertical slabs, (5) horizontal slabs, (c) vertical cantilevers, and (d) cylindrical 
tank. The most economical depth c^an be arrived at only by trial. 

Vertical Hahs are supported at the bottom by the floor, and at the top by a 
roof, or, in filter tanks, by a widening of the wall to form a beam, which serves 
as a part of tlie walks around the tanks. There is the advantage of simple 
form work on account of the uniform wall thickness, and straight bars. There 
is some economy in calculating as doubly reinforced, since reinforcement must 
be used in both faces to satisfy opposite conditions. Walls for oil reservoirs 
at Three Rivers, Que.,34 were placed in grooves in the floor slabs, so that a 
slight angular displacement is possible and the walls could be treated as 
hinged top and bottom. 

* Analysis of conditions at Enid, Okla.,*® showed that a rescirvoir with slope paving surmounted 
by a low vertical wall is more economical than one with a full-depth vertical wall. Walls were 
designed as cantilevers with asphalt joint at roof to accommodate roof movements due to the 
large area. 

t In designing Mankato circular reservoir, passive resistance was assumed only below a G-it* 
depth.*** a; 

1 See 15-p. paper, including bibliography, by R. D. French, J. Ena. Tnat t Canada, Septeiabeifei^^ 
11dl9, p. 590; also Johnson on Cambridge filter tanks, J. N. E. W. W. A., Vol. 37, 1923, p. 
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Horizontal slabs are supported by counterforts. Counterforts add to cost 
of form work; reinforcing details are more complex; waterproof expansion 
joints between slab and counterfort are essential; counterforts on the inside 
interfere with the circulation of the water, and on the outside detract from 
appearance. Counterforts on the outside were masked at Muskogee^® by a 
curtain wall. To secure the stabilizing effect of the water load on the counter- 
forts, slabs at Muskogee,®® Austin, Tex.,®^ and Highland Park, Mich.,®® were 
inclined to the vertical and rested on the inclined face of the counterfort; a 
close analysis of foundation pressures is necessary. The buttressed circular 
type was estimated the most economical for a subsurface reservoir at 
Dubuque;^ the counterforts rest on rock. 

Inshaped walls^ vertical cantilevers, have been the subject of patent litiga- 
tion* but have the advantage of simple form work and utilizing the stabilizing 
effect of the load retained; there is some saving in reinforcing steel. 

Cylindrical tanks, circular reservoirs, are easy to calculate; economical to 
reinforce, require least wall length for a given enclosure, and eliminate the 
weakness at corners inherent in rectangular reservoirs. Milinowski^® cites 


as particular advantages of circular reservoirs below ground: I^ight reinforce- 
ment possible t removes the internal shrinkage stresses tending to cause cracks 
in the concrete; the solid earth backing puts the concrete in initial compres- 
sion; the masonry is protected from drying outj and from great temperature 

ranges, so that stresvses from these causes 
are reduced; leakage from underground 
reservoirs is resisted by the ground- 
water head, and produces no exterior 
indications as in tanks above ground to 
alarm residents; such tanks are more 
readily waterproofed than rectangular 
tanks. Disadvantages of circular tanks 
are: with bcam-and-slab roof, form work 
and constant variation in lengths of rein- 
forcement next to the wall, as exemplified 
in the Hibbing, Minn.^i tank, add to the 
cost; low value assigned to the reinforcing 
steel, to prevent cracking the concrete; 
cost of forms (met at Enid, Okla.,®® by 
using an octagonal plan to give easier 
•form work) ; difficulty of architectural treatment, particularly on a plain con- 
crete surface (see also p. 556). 

Reinforced-concrete designing for reservoirs requires the same faithful 
attention to details as in other reinforced-concrete construction, with the added 
necessity of .producing a watertight structure. Pipe openings should be 
investigated and extra reinforcing put in. Twisted square bars were excluded 
from St. Paul reservoir,^® and deformed bars only specified, on the basis of 
Talbot’s findings in University of Illinois tests. § The thickness of low walls 



Fig. 230. — Diagram for estimating 
weight of steel in conen^te.-^^* 

♦Add to this, t(3mperaturo stod: e.g., Y' 
round, 12" c. to c. in each face of a 12-in. 
wall amount to 0.27 per cent. 


♦Sec E. N., Mar. 2, 1910, p. 42». 

t The Dubuque reBcrvoir,* 10 tb 20 ft. in rock, was not reinforced in rook.* 
t See o 794. 

I See BiiU* Mo. 8, Eng. Expt, St^.. 1908. 
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IS commonly made greater than called for by analysis, to give a greater work- 
ing space for placing the reinforcement and the concrete The steel content 
of the walls, theieiore, vanes within laihcr wide limits The steel content 
may be estimated from Fig 2:10 A common figure for ImhofF tanks, includ- 
ing temperatujo steel, is 100 lb per cu yd The swimming pool at Fort 
Dodge, Iowa, 35 averaged but 07 lb icinfouement per cu yd The question 
of the amount of shimkago (oi tem])ei ituic) steel is economically important, 
as money can be wasted on it Shnnkage steel data taken from plans of 
various filtei tanks (the walls aie designed as vertical slabs) are given in 
Table 103 


Table 163 Shnnkage Reinforcement in Filter Tanks 
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Floors of rc iiiloK ( one i( t( usti\()iis dilici iiom those foi lined cnibauk- 
nieiits only when loof (oluinns have to be sup])Oitcd and the lo id distributed 
to the found ition Wheie tlie giound-w ilci level is high, the flooi must be 
designed to resist uplift when the iesci\on is empty, by eithei groined are he's 
or leinforced-eonciete si ibs, eairving the loid to the columns Commonly, 
gromed-areh roofs and floois go together, iltliouglitlicreeent 10-ing reinforeed- 
concrete icservon for Indiiiiapolis has flit-sUb roeif and groined-aich floor 
Gromed-areh floors can be more readily formed into valleys for cjuiek drain- 
ing Column loads are often distributed by remfoie ed-conerete grillages, the 
floor being deepened at each column footing ]\)rm a waterproofed joint 
around column footing 

Foundations are important Settlement of the underlying earth under 
heavy loads dc'stioyed part of the new hltei house at Cleveland A heavy 
pumping station adjacent on a substantial pile foundation showed no settle- 
ment The eaith was a miscellaneous fill, which had been tested by loading 
platforms in 1914 and judged to be good for 1 5 tons pei sq ft Reservoir 
floors, particularly in Alter plants, often rest on roofs of dear-water basins, 
giving large foundation pressures Subgrades are often consolidated with 
5-ton rollers Placing concrete on wet, earthy material weakens the concrete. 
On wet subgrade it is good practice to lay a mat of lean concrete, of a thickness 
determined by conditions, before placmg the floor At St Paul,** ^ bulf 





S44 WA TERWORKS HANDBOOK 

clay and half sand and gravel, mixed, rolled in 6 -in. layers, was placed over 
very pervious sand and gravel subgrade. Although the reservoir at Green- 
field, Mass.,48 was founded entirely on trap rock, bottom leaked badly until 
grouted, due to shrinkage of floor slabs and wall sections, which were poured 
separately. Joints were calked with jute packing to retain the grout. Oil 
reservoirs in southern California for Empire Pipe Co.^^ were excavated 1 ft. 
below grade and backfilled with selected clay to furnish a uniform backing for 
the concrete lining, which was laid on a 2 -in. sand cushion to take up settlement 
or swelling. 

Roofs are commonly concrete groined arches or reinforced-concrete slabs 
or wood. Roofing detracts from the economy of circular reservoirs but makes 
for economy in rectangular reservoirs and has led to the completely reinforced 
concrete reservoir. Earth cover may be required to increase frost protection, 
or for landscaping effects. Tennis courts are laid out on roof of reservoir at 
Arkansas City, Kan. 120 x 24-in. earth cover at Bt. Paul was not sufficient 
to prevent J-in. ice occasionally.42 At least 20 in. is reciuired to support 
vegetation. Wooden roofs may be used where there arc no snow or earth 
loads. Such heavy loads require masonry roofs; the necessity for taking the 
wall reaction has also required masonry roofs. 

Wooden roofs have short life unless the wood bo treated ; heavjer walls arc 
required as a wooden roof cannot take top reaction of thin walls. In reservoirs 
with sloping sides there are long spans over the slopes, or columns have to be 
placed on the slo])es, a questionable j)ractice. At Riverside, Cal., columns, 
10 X 10 in., of reinforced concrete, at corners of 15.4-ft. scjuares, support 4- 
X 12-in. girders, on which rest 2- X 10-in. joists on 30-in. centers, supporting 
1-in. boards covered with Johns-Manville standard roofing.^^ Unstable 
bearing on tops of slopes caused failure of wooden roof of Pasadena reservoir.®® 
The timber roof at Quincy, 111.,®* consists of 6 - X C)-\n. girders of 18-ft. span 
supported by G- X G-in. columns, 22 ft. high. Joists: 2X8 in. on 4-ft. centers 
and 14-ft. span, with 2 - X 4-in. bridging and 1 -in. roofing. Reinforced- 
concrete posts, 8 X 8 in. up to 25 ft. unsupported height, carry G- X 12-in. 
wooden girders in reservoirs of blast Bay Water Co., Cal. 52 Floating roofs 
of wood have not been generally succe.ssful. Oil reservoirs for Empire Pipe 
Co.^7 in southern California have roofs of 25 -in. concrete reinforced with 
metal lath, supported on 2- X 12-in. wooden rafters spaced 20-in. centers. 
Rafters are radial and rest on 10- X 18-in. girders, supported by 10- X 10-in. 
wooden posts. The wooden roof of Santa Monica re.servoir53 is supported on 
8 - X 8 -in. redwood posts on IG-ft. centers. 

Groined Arches. Groined-arch construction for the roof and floors relies 
for stability upon arch action, but reinforcing steel is sometimes used to 
prevent cracking. Each pier supports four segments of barrel arches, at both 
top and botton. In the end bays, the arch reactions are taken by a continuous 
semiarch, so that one-half the end bay has a cross-section similar to half an 
aqueduct. The center lines of the bays are elements in the intradoses of 
abutting arches, said element forming a straight horizontal line. The con- 
trolling stresses are ( 1 ) punching shear in roof at the pier cap; ( 2 ) compression 
in the arch at crown; (3) compression at base of column. Sidewalls for St. 
Paul reser^r,®* which has groined-arch floor and roof, consist or inclMed 
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slabs supported by buttresses on three sides, and on the fourth side, which 
will eventually become a dividing wall for a future basin, there is a cantilever 
gravity wall. The elliptical intrados best meets the pressure-line require- 
ments. The parabolic line of the intrados is rendered less steep at the 
haunches by substituting a l-on-4 slope; in construction, it was found difficult 
to form concrete to the steej^er slope; it settled into the haunch and caused an 
undesirable thinness in the arch. 

In designing the half-arch end walls, practice countenances the assumption 
that the backfilled earth can sustain a passive pressure of 70 lb. per sq. ft. 


9 ) 

d. 


«D 


18 


22 


23 


24 


A! f piers 
mined bt 
aiion of 
againsf 
pressure 
AH piers 
high 

Id 'diam. & 
! consider 
siabiliig 
wind 

3I'8" / 



/ 


/ Sir 
— 4- be 

1 oh 

riilar Cur 
readily d 
ier cases 

ves can 
’■cmnfor ■ 

I 



• 

Cona 

bag r 
gram 
1 A/so i 
ness . 

14*' 

vie per Si 
OSS area 
n pier an 
oid in cu. 
avemge i 
in inches 
15^ 

OTone 

d 

ff. 

^hick- 

16" 


u 

d) 

130 


2304: 


270 o 


1300 p 


330 ( 


l.l 


.4 


Fio. 


1.2 1.3 

Cubic Feet 

231. — Econoniic span 
groined arches. 
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Fio. 232. — Punching shear* in existing groined 
arches (100 lb. per sq. ft. live load). 

* Puncliing shear is similar to that in steel plates when 
resisting rivet-hole punch. 


This requires the backfill being placed before the earth cover is superposed 
on the roof. I-beam groins encased in concrete are used in the new Cross 
Hill reservoir, Birkenhead, England, 54 to produce ^‘the most economical 
reservoir in the world.” The end walls are formed by a series of vertical 
brick arches transmitting the load to an earth embankment. 

Method of Comparison. Assuming that this type of structure- stands up 
through arch action, and not cantilever, and that joints are formed along the 
diagonals, each pier would be the abutment for four arches, the halves of 
which would be trapezoids in plan. By drawing a line of resistance and eom^ 
puting stresses in concrete, this method may be used as a comparison, although: 
it is understood that the stresses are not necessarily thosO wtech obhii|tt;r 








Table 164. Data on Concrete Groined Arches for Reservoir Roofs*»»b 



Date 

Location 

Clear span (2a), 
in feet. 

Rise of intrados (b), 
in feet 

Crown thickness (0, 
in feet 

Rise of extrados (ft), 
(ft), in feet 

Span, center to 
center, of columns 
(2c), in feet 

Katios: 

Average thickness' of 
roof, in feet 

(?) 

"R 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

(11) 

1 ' 

1903 

Watertown, N. Y 

10.000 

1 . .500 

0.500 

0.833 

11.500 

0.1.50 

0.417 

CD 

US 

d 

2 

1909 

Providence, K. 1 

10.2,50 

2., 500 

0.500 

1.250 

11.917 

0.244 

0.417 


3 

1903 

Ithaca, N. Y 

10., 500 

1 . 500 

0.500 

0.833 

12.000 

0.143 

0.417 

0.668 

4 

1909 

Springfield, Mass 

11.3,33 

2.000 

0..5()0 

1.250 

13.000 

0.177 

0..500 

smm 

5 

1911 

Toronto, Out., Canada 

11.333 

2.000 

0.500 

1.107 

13.000 

0.177 

0.467 


6 

1910 

Owen Sound, Out., Canada... 

1 1 . ,500 

2., 500 

0.500 

1 . 107 

13.000 

0.218 

0.388 

0.625 

7 

1903 

Washington, D. C 

11.833 

2., 500 

1 . 500 

1.417 

13.067 

0.211 

0.472 

0.606 

8 

1899 

Albany, N. Y 

11.917 

2,. 500 

0.500 

().,500 

13.007 

0.210 

0.167 

0.774 

9 

1900 

Superior, Wis 

12.000 

2.500 

0.500 

0.500 

13.607 

0.208 

0.167 

0.747 

10 

1903 

Washington, D. C 

12.107 

2., 500 

0.500 

1.417 

14.000 

0.200 

0.472 

0.600 

11 

1912 

Roland Park, Md 

1.3 000 

2 0)07 

0 500 

1 . 500 

1 4 . 067 

0 . 205 

0 473 

0 69.3 

12 

1907 

Philadelphia, Pa 

13.107 

3.000 

0.500 

1,750 

15.000 

0.228 

0.500 

0.601) 

13 

1907 

Lawrence, ]Vfas.s 

13 107 

2 7.50 

0.500 

1 . 007 

15 000 

0.209 

0.513 

0.^590 

14 

1908 

’Pittsburgh, Pa 

13.107 

3.000 

0.500 

1.750 

15.000 

0.228 

0..500 

0.609 

15 

1904 

Philadelphia, Pa 

13 417 

3 . 000 

0.500 

1.750 

1 5 . 250 

0.224 

0..500 

0 607 

10 

1913 

Baltimore, Md 

13.500 

3.000 

0.500 

1.750 

15.000 

0.222 

0,.500 

0.682 

17 

1912 

Grand Rapids, Mich 

13.8,33 

3 . 000 

0..50() 

1 . 833 

15.000 

0.217 

0.524 

0.543 

18 

1907 

Philadelphia, Pa 

14.000 

3.000 

0.500 

1 .750 

15.833 

0.2W 

0.500 

0.604 

19 

1902 

Milford, Maas 

14.000 

3.000 

0..500 

1 . 500 

10.000 

0.214 

0.428 

0.658 

20 

1909 

^ringfield, Mass 

14.000 

2.750 

0.500 

1 . 500 

10.000 

0.190 

0.462 

0.623 

21 

1910 

Cflcveland, Ohio 

14.080 

3.500 

0.500 

2.000 

15.750 

0.249 

0.500 

0.618 

22 

1908 

Columbus, Oliio 

15.107 

3. 107 

0.500 

1.917 

10.8.33 

0.209 

0.522 

0.568 

23 

1905 

Wa.shington, D. C 

15.500 

3.500 

0.500 

2.083 

18.000 

0.220 

0..522 

0.640 

24 

1908 

Pittsburg}), Pa 

15.750 

4.000 

0.500 

2.107 

18.000 

0.254 

0.482 

0.083 

25 

1012 

New York City 

10.000 

3.7,50 

0..500 

2 . 000 

18.000 

0.234 

0.470 

0.6,53 

26 

1913 

Minneapolis, Minn 

16.333 

3.500 

0.500 

2.000 

18.000 

0.214 

0..500 

0.600 

27 

1913 

Montreal, (^le., Canada 

17.000 

1.250 i 

0.500 

2.000 

19.000 

0,2.50 

0.422 

0.700 

28 

1912 

New York Cityt 

18.000 

4.5001 

0.500 

2.500 

20.000 

0.2.50 

0..500 

0.646 

29 

1912 

New York Cityt 

19.100 

5.0001 

0..500 

2.580 

22.000 

0,201 

0.409 

9.744 

30 

1920 

Cleveland, Ohiot 

17.900 

4., 5001 

0.500 ; 

2 . 500 : 

20.292 1 

0,2.53 

0..500 

0.675 

31 

1923 

Cleveland, Ohio, Buldwunt . . . 

17.792 

1.6001 

1)..50(): 

2 . 500 I 

» 

20.292 1 

(.).2.58 

0.4901 

0.500 


* See also table by WiKKin, Pror. Nat. Cement Users Assr.^ 1910, p. 240. 
t Under construction or proposed. 
t Unusual height of 40-ft. floor to roof. 


Table 166. Comparison of Stresses in Groined Concrete Arches* 


Date 

Location 

3n over 

c 

o 

Vohmiet 
savt’d by 
depres.sion 

'o 

s 

c 

o 

« |§| 

f piers 

Arch stresses, 
lbs. per sq. in. 
(compression) 



Depress! 

pier 

D 

o 

m 

1,4 

<y 

£ 

Cu. yds. 

Average 

depth 

-M 

s§ 

Max. pi 
pier bas 
sq. in. 
lb. per s 
load 

Height o 

Crowrn 

Joint of 
rupture 

1903 

Philadelphia, Torrcs- 

in. 

in. 


in. 

1 in. 


ft. 

in. 

' 



dale , 

21 

22 SQ. 

2.70 

3.5 

7.2 

265 

14-4 

122 

250 

1905 

Columbus 

23 

20 sq. 

3.36 

3.85 

7.0 

330 

11-8 

134 

262 


Washington, D. C.. . 

241 

30 sq. 

4.0 

4.0 

17.9 

180t 

25-7 

115 

234 

1904 

Proposed 

Pittsburgh. 

Jerome Park, New 

26 

27 d. 

4.33 

4.33 

8.25 

380 

21-6 

163 

267 

Proposed 

York 

Study, B. W. S. New 

30 

24 d. 

6.2 

6.0 

7.75 

410 

23-0 

— 

~ ‘ — ■ 

York. 

31 

34 d. 

9.25 

6.2 

8.3 

330 

31-8 

165fi 
131 J 

294 

283 


"■ ■■ ■ ■- -• . -.'i .. . * * 

* See abo if; Nov. 16. 1933. p. 639. 

t For method ot cetlmatiitS volumes, secPaaswell, E. N. R., Dec, 14. 1922, p. 1024, 
iRopI 4^19 ^ be TJiw^for^^^ storage. § 3-f,t. load. | 2-H. load. 
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Tables 164 and 165 show the results obtained for various groined arches; 100 
lb. per sq. ft. live load are assumed in all cases. (For detailed methods of com- 
puting, see /. i\r. E, TT. W. A.y Vol. 14, 1809; '^The Groined Arch in Filter and 
Covered Reservoir Construction,’’ T. H. Wiggin (National Assn, of Cement 
Users), E. N., Apr. 7, 1910; Macqueen, T. A. S. C. E., Vol. 86, 1923, p. 182.) • 
Concrete Proportions. A mix of 1:3:5 was used at Philadelphia and Pitts- 
burgh, and proposed for Eastview filters. At Columbus, Gregory used 1 :2.5: 
5.5; at Washington, 1 :2.9:5 was used. 

Failure. Many groined arches are damaged by contraction and settlement 
cracks, causing leakage; recent practice favors substantial reinforcement.56 



9 Shear m Lb per Sq In 

Fk; 233. — VMriation in intcMisiU of veitieal shear with tliicknoss of section in 
existing groiiK'tl niches. (Earth cover and 100 Jb pel s(|uaie foot live load.) 

(Sco page* *3 10.) 

Ely57 reasoning from failuie of Pelmont filters, Philadelphia, considers 
groined arches as neither safe nor stable unless tied together with steel. 
The groined-arch roof at Cleveland filter jilaniss failed after reservoir had 
been filled but before roof had received the 3-ft. earth load, evidently due to 
lax construction methods, as the concrete appeared to be innocent of cemenj^ 
to an astonishing degree.” 

Groined Aich vs. Reinforccd-concrcie Roof. Whether to use a groined arch or a 
flat slab roof for a reservoir frequently involves differences of ojiinion. Both 
are acceptable, although, in certain cases, one is preferable. For small, shallow 
reservoirs of, say, loss than 1 acre, the flat slab roof may be more economical, on 
account of the lower cost of form work, and, perhaps, better standardized methods 
of construction. For larger and deeper reservoirs, cohering several acres, the 
groined arch will prove much more economical than the flat slab ” (Macqueen). 

A flat-slab roof was selected for Indianapolis, as local builders were more 
familiar with this type and lower prices were expeided. Roofs of fuel-oil 
reservoirs, Three Rivers, Que.,34 are of two-way drop-panel flat-slab type, 
Jft-ft. span, supported on square columns. Savings on Dayton reservoir*^* 
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from flat slab were credited to less excavation and simpler form work ; the 
economies were questioned by some authorities The groined arch also 
involved 12 per cent, more concrete. Atwood®® finds that the relative econ- 
omy is decided by the loads for which designed; where the load exceeds 2 ft. 
of earth, there is economy in the groined arch; with less fill, slabs prove 
cheaper. A groined arch must be loaded with some care to prevent failure 
of the structure; a flat slab is free from this danger. Drainage of the depres- 
sions over columns is another difficulty in groined arches. Burdick®® con- 
siders a completely reinforced reservoir a mucli better and more dependable 
structure. Non-reinforced work commonly (;racks and leaks. Freedom from 
air pockets is an advantage of both flat-slab and groined-arch roofs. Slab- 
and-girder roofs are preferred by McClintock®® to the girderless type due to 
the possibility of more accurate analysis of stresses, and greater safety around 
openings in the roof. 

Columns. Usual spacing ranges from 8 to 25 ft., thickness of flat slabs 
from to 12 in. Columns at Indianapolis^^ were 24-in. diam. reinforced 
with eight f-in. round and |-in. tie rods. The roof was figured for total 
superposed load of 350 lb. per sq. ft. 

REINFORCED-CONCRETE STANDPIPES* 

Steel vs. Reinforced Concrete. Reinforced-con Crete standpipes were 
proposed to escape the maintenance for steed tanks, and to present a more 
pleasing appearance. Expectations were seldom realized. Concrete has not, 
in many instances, proved durable, watertight, or sightly. Johnson®^ be- 
lieves that concrete standpipes are far from indestructible.^^ Some engineers 
despair of making a concrete tank tight.^o Some liavc not leaked; Andrews®® 
reported no trouble from seepage when he limited the height to 60 ft. and 
increased the mix to 1:1:2. Woonsocket tank, built In 1912, was reported in 
1025, as satisfactory; the city is contemplating another tank. West Falmouth 
reported in similar terms. MiliiiowskBo says that there have been “hardly 
any^' absolute failures by major structural breaks. Reinforced-concrete 
standpipes over 50 ft. high in localities having much freezing weather have 
not proved satisfactory.®® Maintenance cost is likely to be greater on steel, 
although leakage is more easily stoj^ped. Reinforced concrete can be more 
quickly erected; but there will be greater delay for jdans, as manufacturers 
have available stock drawings of steel. Architectural possibilities are less 
with steel. First cost of reinforced conci-ete is generally greater, although®® 
nearly the same. Sampson®® made the following comparison for Middle- 
borough in 1915: For a storage of 500,000 gal. with flow line 165 ft. above 
ground: (a) Steel standpipe 40 ft. in diam. and 160 ft. high would have a total 
capacity of 1,500,000 gal., a first cost of $44,000, and a high maintenance cost, 
besides inconveniences of direct pumping itito the mains every time the stand- 
pipe was out of service for painting. (6) Concrete standpipe of same dimen- 
sions would cost $39,000; it might be impracticable to get it tight under 160-ft. 
head, (c) A steel tank of 500,000-gal. capacity on columns would cost 
$22,000, and would have a high maintenance charge besides inconvenience 

* Based partly on paper by Andirows, J, A, E. Soc., June, 1911, and papers in J. N. E. W. W, A., 
Voi. 29, 191& pp. 169-201, and J?. jV., Mar. 18, 1015, p. 554. For merits of standpipes, see pp, 
103,199. 
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of direct pumping when out of service, (d) Concrete tank on a cylindrical 
tower was estimated at $24,000 with no cost or inconvenience for cleaning 
and painting; also it could preserve a more equable temperature in the water. 

Dimensions. Tank dimensions should be carefully considered. Mensch®^ 
claims that a tank 40 ft. in diam. and 60 ft. high is considerably more expensive 
than a tank 50 ft. in diam. and 38 ft. high; capacities are same, but greater 
pressures may be obtained from the more costly tank. Height is limited by 
difficulty of getting tight work under high heads without a membrane. Simp- 
son62 is ready to build up to 115 ft. high, but not without an interior mem- 
brane. There was built in Kansas City in 1920 a tank 133.5 ft. high, 40 ft. 
in diam., and with maximum water depth of 110 ft. Capacity 1,000,000 gal. 
Leakage required the subsequent placing of a membrane.®^ Johnson®* has 
never built tanks over 40 ft. high, and '' all leak more or less.^' In 1913 there 
was built at Brunswick, Maine, a tank 97 ft. in diam. and 46 ft. high, holding 
2,500,000 gal. The Lexington standpipe is 104 ft. high. 

Calculations. Early standpipes were calculated for steel stresses by 
^‘thin-cylinder” formula at 12,000 to 16,000 lb. per sq. in. Manchester 
standpipe is designed on 12,000 basis. Deformation of steel stressed in 
excess of 4500 lb. per sq. in. exceeded the ultimate elongation of plain con- 
crete and necessitated concrete cracking. This cracking is to be avoided as 
it leads both to leakage and to corrosion of the reinforcing steel. A first prin- 
ciple of this class of construction now is so to proportion all parts that the 
tensile strength of the concrete shall not be exceeded. Contraction in setting 
places the concrete in initial tension and the steel in initial compres- 
sion. This consideration has led, within the past 10 years, to very rich con- 
cretes, such as 1 : 1 1 : 3, 1:1:2, working stresses of 3000 to 6000 in the steel, and 
tensile stresses allowed on concrete of 300 to 500 lb. per sq. in. Messrs. Weston 
and Sampson believe Andrews^ theory* results in a prohibitive cost for large 
standpipes. In the tank for Rockland, Mass., especially rich concrete was 
used; thickness of wall wliich would insure that ultimate strength of concrete 
would not be reached with full reservoir; increased vertical reinforcement, 
particularly at base. Reinforcement in the Attleboro tank was proportioned 
for an ultimate stress of 13,500 lb. per sq. in. Not to have the bars too close 
together, a double ring of H-in. bars was used in first 61 ft., a single row 
of IJ-in. bars for next 20 ft., and a single row of 1 J-in. bars for upper 19 ft. 
Spacing in the top 1 5 ft. was kept constant to take possible ice loads. In the 
Westerly standpipe, stress in lowest foot was 6000 lb. per sq. in., increasing 
1000 lb. for each foot in height until maximum of 12,500 was reached. Wason 
found that steel more than 2 in, from a surface will not prevent cracking the 
surface. Hewett®^ favors keeping shrinkage stresses to a minimum and 
limiting the tension in the concrete. At Barnum, Minn., he first constructed 
an interior shell of concrete 7| in. thick and, after this had set, placed circum^ 
ferential reinforcement bars equipped with turnbuckles for putting them in 
initial tension of about 14,600 lb. per sq. in. The reinforcing was later pro- 
tected by being encased in 3 in. of concrete held in place by wire netting 
fastened to the bars. The interior of the tank was treated with two brush i 

♦ See J. A. E. S*, June, 1911. The allowable stresses specified in the preceding sentence are bai^ 

■' on/Andrew’s theory. . 
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coats of ^^Ironite.’^ *'Not the least dampness ever appeared on the outer 
surface/' Hooping has been utilized on oil-tank design (see E, N, /?., Sept. 
11, 1924, p. 422). On Duluth reservoir Turiieaure2 assumed both concrete 
and steel to take tension in ratio of 1 : 10. Wall was thickened towards bottom 
to restrict tension in concrete to 240 lb. per sq! in. As a precaution against 
ice, lower steel stresses were used near the water line. 

Thickness of wall is governed bjr considerations of watertightness, evelop- 
ing the steel, and allowing room for placing the steel and its proper enveloping 
in concrete. The minimum at top should be 0 to 12 in., depending on diarn. 
For Manchester, Mass., standpipe, the wall is 20 in. at base and 12 in. at top. 
Wall thickness in the 100-ft. Attleboro tank tapered from 18 in. at bottom to 
8 in. at top. 

Proportions. Concrete has been increased in richness to add to tensile 
strength and prevent cracks, as well as to improve dejisity. The few small 
leaks in the Attleboro tank indicated to the early designers that a 1:2:4 mix 
properly placed can be made watertight, although it may l)e better judgment 
to use a richer mix. 

At Westerly, R. L, concrete was mixed to make oidy 12 cu. ft. to a four- 
bag batch, of 20 parts by weight of cement, 40 parts of No. sand, and 40 
parts of No. 3 stone, s(aoen(‘d to remove everything below | in. Tliis mixture 
had the maximum density of all measured and appeared satisfactory. The 
curve given by this mixture, however, on volumetric tests, was nearly 10 per 
cent, higher than the “Ideal'' at the point of tangency. With the densest 
mix, the addition of hydrated lime increases tlie volume almost directly in 
proportion to the lime used, and therefore is of little use. 

Proportions recommended by Mensch:®^ 1 cement to 1.3 aggregate for 
heads of 80 to 100 ft.; 1: 1.5 for heads 50 to 70; 1:2 for heads 30 to 40; and for 
less heads, 1 : 2.25 mix. These represent practice in 'I'Vance wdiere concrete 
tanks have been in use 50 years, and wdiere thin w^alls are the rule. Even 
rich mixtures and careful woi kmanship will not ]>revent l(*aks in construction 
joints.* An absolutely watertight tank can , be assured only by skilfully 
applied waterproofing. Mix used at Merrimae, N. H.,68 was 1: 1.5:3 local 
sand and gravel, sizes J to 2J in. Gravel screened and washed. Specified mix 
for oil tanks in Canal Zone®^ was 1:.2,25:3.75 (based on analyses of materials 
available), but had to be amended to 1:2:4 when the latter was proved to lack 
flowability to fill all spaces around the complicated reinforcing. A 1:2:4 
mix at Waltham with especially selected aggregate (built in 3-ft. lifts) did not 
prevent joint leakage. From experience gained at Waltham it was decided to 
use at Manchester a rich mix, 1: 1.5:3, and to increase reinforcement at base. 
Five per cent, hydrated lime was added at Waltham and Manchester. 1 : 1 .5 : 3 
was used at Kansas City;®® limestone aggregate, J to 2 in. The leakage 
(110-ft. head) required subsequent placing of membrane. 

Reinfordng Steel. — Rings have been of plain or deformed rods, tees, or 
other shape; ends lapped, fastened with clips, clamps, or similar devices, or. 
welded; one or two rings in width of wall, according to needs and judgment of 
designer. Spacing of rings and size of metal in them have been varied in the 
vertical according to deereas# in stress, from bottom to topj butl^ome 
p. ski.; 
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mum of metal and maximum spacing have been used for some set distance 
below top. 

On the Attleboro tank, bars were obtained long enough so that three would 
reach entirely around, with a lap of 40 diam. at each joint. Two wire rope 
clips were used at each splice to insure bars being held firmly together. By 
the test at the Watertown Arsenal, these clips alone were sufficient to insure 
full working stress of the bare bars; any additional bonding stress from the 
concrete was an added factor of safety. Splices were staggered so that the 
eleventh laps came in the same vertical plane. Vertical steel of a variety of 
shapes has been used to support rings and resist moments, shears, and other 

stresses. On the Attleboro standpipe, 4-in. 
^ channels with f-in. holes through both flanges 

i ( ^edcaMem were sct Upright at intervals of 15 ft. with the 

! I web radial; a i-in. rod passed through both 
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frvm bon-om,piich wcl) radial; a J-in. rod passed through both 
lioles supportcd oil its outer end in a hook, the 
hoop steel. No vertical steel was used on the 
Westerly tank. Ambursen^o found in repair- 
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ing a standpipe that tluu’e were air pockets underneath the larger bars 
where they had not been properly surrounded with cjoncrete. Water 
seeping into such pockets leads gradually to disintegration. His experience 
leads him ;to advocate that “stpuire bars over 1 in. thick should not be used 
in walls less than 12 in. thick.’^ Advantage should be taken of the advance 
made in electrical and gas welding to weld tension-reinforcing steel and metal 
water stops so as to avoid awkward and uncertain laps, clamps, and oHmr 
devices. Incidentally the saving in metal, labor, and troubles would go a 
long way toward paying for welding and might show a total net economy. 

Construction. Standpipes have been built without forms. One method 
developed in Oregon^' consists of plastering 1:2.5 mortar on triangular mesh. ; 
Ten per cent, hydrated lime was added to mortar, which was applied in thin J 
coats. A 17,000-gal. reservoir is reported as '‘quite watertight'’ after lyear^l 
Cement ^n has also been used in connection with heavy duck to limii^l^^ 
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thickness Leakage troubles have generally developed in joints between 
days' work; such joints were very carefully finished on the Westerly standpipe; 
two men were kept on into the night after concrete was jdaced to scrub the 
top surface carefully with brushes and water to get the laitance off and wash 
the surface of all stone showing on top as clean as before being mixed, because 
cement bonds well to clean aggregate, but does not bond well to old cement. 
Roughing strips were put in the wall to form grooves. These were also 
removed in the evening. Before concrete was placed the following morning, 
the surface was thoroughly wa.shed with water, then coated with neat cement, 
rubbed in with a brusli, and grooves were filled with neat cement. 

To do away with joints, the 50,0()0-gal. standj)ipe at Merrimac, N. H.,®® 
was poured in one continuous operation covering 39,5 hr. At no stage did 
more than 1 hr. elapse between successive layers. Tank was but 40 ft. high, 
and speed was attained by erecting complete tlic outside forms, thoroughly 




W(*sterly, R. I. Attli'horo, Mass. 

Fig. 23(). — Floor-and-wall joint. 

• 

braced to eight telephone poles erected around the circumferem^e. This did 
away with any bolts, wires, or ties in the concrete. 

Slipping the forms continuously up the standpipe, as was done at Fulton, 
N. Y.,'^4 and keeping the forms full of fresh concrete, obviates construction 
joints between days’ work. At Fulton, the forms moved about 5 ft. per day. 
Milinowski^o complains that these slip forms are Ivuown to rupture concrete 
and start leaks. The 1 lO-ft. shaft at Kansas ('ity®5 was built in one continu- 
ous concreting operation. 

The Attleboro tank was kept filled with water during construction to a 
level about 20 ft. below where concrete was being placed, principally as a 
protection to workman. Water was put into Bridgewater tank 10 weeks after 
foundation was started; the most recent concrete was then about 1 month old. 
Prison labor, not skilled in concrete, was used. 

Floor-and-wall Joint. As there is a tendency for the diam. of a reservoir 
to increase after it is filled with water, due to the elasticity of the steel in 
tension, and as the base of the reservoir is practically rigid, due to contact 
. with foundation, some reinforcing material extending fi'om the base up into 
•the walls to take care of the bending moment and shear at the base has been 
necessary. There is no exact method of obtaining the amount of steel required 
here, but it has been underestimated. Some designers consider it a mistake 
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to thicken the walls at the junction and to tie the floor to the walls with steel;'^* 
they would treat the floor as a unit in itself, and waterproof the joint with 
asphalt, to accommodate settlement'. The Bridgewater tank, reported abso- 
lutely dry, has three times as much steel at base as at Manchester; one set of 
rods extends 5 ft. high, one set 10 ft., one set, 15 ft., and fourth set to the top. 

Observations by Andrews, Westerly standpipe leaked at the joint where the 
second day’s work left off; the construction is shown in Fig. 236. The force 
diagram indicates the compressive stresses near the floor joint. The plane 
where compression ceases is called the critical joint. It is located by project- 
ing the resultant backward until it intersects the face of the wall. Notice 
that the leaky joint is close to the critical joint. After the tank had been filled 
3 weeks the leakage was just sufficient to dampen the surface. In addition 
to the leak near the bottom, three spots appeared: one very close to the floor, 
caused by a breakdown in the mixer, resulting in a delay of an hour or so; 
another 23 ft., and one 40 ft. up. These were grouted under high pressure and 
stopped. The worst of the three, before grouting, leaked one drop in 6 sec. 
At Attleboro the floor was 12 in. thick, and met the wall with a curve of radius, 

5 ft. The top of the floor was reinforced with J-in. twisted square bars, 6-in. 
centers each way, carried well up the curved corner, and into the wall; |-in. 
s(][uare twisted bars were also placed radially at intervals of about 3 ft. around 
the circumference, tlie ends projecting up into the wall 10 ft. The foundation 
slab, 18 in. thick, was increased immediately under the walls to 4 ft. for a 
width of 5 ft. A concrete curb 3 ft. high, 12 in. thick, with a curved top, was 
built around the outside of the standpipe bottom, but not monolithic witli it. 
Rods at the base of Manchester standpipe arc 1 in. diarn., 12 in. on centers, and 
extend into the wall about 4 ft. 6 in. Seepage developed at several horizontal 
joints, but the upper joints gradually tightened. Examination of reservoir 
after emptying showed Jiorizontal cracks at joints mentioned, about 30 ft. long, 
extending through the wall; also vertical (tracks in the plastering extending 
upward 20 ft.; furthermore, there were checks in the plastering from which 
water oozed back into the reservoir after it was emptied. From these observa- 
tions were drawn the following deductions: (1) not enough vertical steel 
properly disposed to distribute fully the bending moment and shearing stress 
between the rigid base and the walls; (2) the ultimate strength of the concrete 
was probably exceeded when the reservoir was filled, thus producing vertical 
cracks; these vertical cracks allowed the water to permeate the walls to the 
lines of least resistance, the horizontal joints; (3) a rich plaster coat on more 
or less permeable concrete was useless, as the usual crazing and the vertical 
cracking would allow percolation of water through it. 

At Bridgewater the floor ran straight across to the outside with just a little 
offset downward and then a roughing strip. Then the wall was cast, dove- 
tailed into the floor, and a little fillet of concrete was placed between the floor 
and wall and worked in with great care. 

Sliding joint at Jones Street reservoir, San Francisco,^^ was designed to 
provide for expansion and contraction as well as mobility under earthquake i 
shock. This joint has proved satisfactory and permits no leakage ; the cracks 
so common at the base of reinforced-concrete standpipe walls are lacking. A 
raised rim inside the joint limits wall movement along the bottom slab in 
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of earthqu^ike. The base slab was poured first, and the area which was to 
support the wall was smoothed with a eement-mortar finish. To prevent 
adhesion between the concrete base slab and concrete wall, a coating of asphalt 
paint was next applied. After wall was built, a V-notch existed between the 
wall and the rim. To give a tight and elastic joint, this notch was calked 
with oakum and the upper space filled with liquid asphalt. Slip " joint 
(patented) used at Fulton^^ consisted of placing the bottom slab first, spread- 
ing a graphite paste under the wall; sheet copper of wall width was laid on 
this immediately and the wall concrete started. 

Leakage and Waterproofing. Preceding 1911, little attention was given 
to membraneous waterproofing, as watertightness was thought attainable 
by proper proportioning and mixing. Leakage through joints between days^ 
work, through cracks formed by overstressing the concrete in tension or at 
junction of side walls and floor led to diverse preventive measures. Milinow- 
ski*® says, “An absolutely watertight tank has practically never been 
achieved.” However, this claim has been made for the Bridgewater tank. 
Tank at Westerly showed a small line of dampness at the horizontal joint about 
3.5 ft. above the floor. Leaks soon developed at construction joints, and more 
leaks developed every time the tank was emptied and filled. Unless very low 
stresses are used in the hoops, or vertical steel bars are added, there may be a 
distinct movement on some joint, as is indicated by the fact tliat when a 
standpipe has been kept full of water for some time leakage through these 
joints almost entirely disappears, but, on emptying and refilling, the leakage 
occurs as vigorously as at first. Experience at Attleboro is that cracks under 
constant head tend to tighten, while those under a great variation lack this 
opportunity. At Manchester, the floor was finished with 1-in. granolithic, 
and the walls plastered two coats, making about 1 in. of 1: 1 cement mortar. 
There developed at several horizontal joints, especially three lower joints, 
between days’ work, some seepage of water, which in three places increased 
to positive leaks. Seepage at upper joints gradually stopped, presumably 
due to filling of pores by hydrated lime. Seepage spots show more promi- 
nently when the humidity is high. Sunny sides of standpipes have developed 
most cracks and leaks. 

Manchester, Mass. (R, C. Allen, Engineer), standpipe leaked only on * 
about 20 ft. on the easterly and southeasterly sides, where maximum tempera- 
ture stresses occur from the sun, while in every other place there was not a 
drop. The leakage between the first and third joints was estimated 16,000 
gal. maximum in 24 hr. That was the most serious leak; the leaks at other 
times have been matters of perhaps a few hundred gallons a day. In 1911 not 
more than 10 or 15 gal. per day was seeping out in the space 8 ft. long and 6 in. 
wide at the very base. 

Spalling disfigures the exterior and leads to apprehension in the lay mind 
for the safety of the tank. At Manchester^z frost threw off a piece of concrete 
about 8 ft. square, which disintegration had reduced to sand. Efflorescence 
rather than freezing was blamed for the unsightly effects on the Manchester , 
tank. Exterior spalling at Attleboro became so unsightly that the standpipe 
was enclosed in an 8-in. brick wall. Spalling at Waltham exposed the 
/■&ircement:?j^epots. i; ^ 
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preve^dion demands dense concrete, watertight joints betwei&ii 
days' work, stressing the concrete only within its ultimate strength so tba# 
cracks will not form, and application of waterproofing. As building forfes 
and placing steel preclude continuous placing of concrete, make short inter- 
vals between successive layers and bond in best possible manner. So-called 
waterproofing materials have been frequently incorporated in the concrete; 
experience has shown them to be of doubtful benefit; hydrated lime has in- 
creased efflorescence and consequent disfigurement. Effectual aids to pre- 
vention of leakage are : skilful selection and gradation of aggregates to secure 
maximum density; liberal use of cement; abundance of mortar; sufficient 
water to make concrete wet enough to flow into and completely fill small 
spaces where stiff concrete cannot be (or is not likely to be) forced by tamping; 
very thorough mixing; tiglit forms; skilful jogging of all concrete as deposited; 
keeping thoroughly wet from time forms are removed until concrete is two 
weeks or more old; protecting new concrete from hot sun; using cement which 
develops minimum temperature during setting and hardening; thorough 
removal of laitance, dead cement, and dirt, especially at joints; scrupulous 
inspection. (See also p. 799.) 

Membranes and waterproof coatings have grown in favor, since they have 
proved the most effective remedies for leaky standpipes. Allen^^ would apjily 
membrane waterproofing to all tanks over 50 ft. high, and would protect the 
outside from the elements. An interior coat of 7| per cent, solution of cal- 
cium fluorosilicate, followed after 24 hr. by two coats of glutin painted on, 
produced a tight oil tank at Mt. Hope, Canal Zone.®® At Merrimacss leaky 
spots were waterproofed successfully with materials furnished by Arco Co., 
Cleveland. 

Prevention of Joint Leakage. To prevent leakage through horizontal 
joints between pourings of different days, grooves can be formed at close of a 
pour to receive the section above. A better method is to use copper strips 
4 to 6 in. wide, bent at right angles on both edges ^ in., and with a small V- 
crimp in the center, pressed into the fresh concrete one-half their width, with 
end joints lapped 3 to 6 in. so as to form continuous strips around the tank. 
Flat steel strips about i by 6 in. have also been used successfully. If properly 
embedded in concrete, well made, metal will probably last indefinitely. 

Watertightness was secured in tanks for Atlanta Warehouse Co., 79 by 
using a dense graved concrete (1: 1.5:3) and applying two coats of water-gas 
tar. Construction joints were made tight by 18- X J-in. steel plates punched 
along outer edge to increase bond. Construction joints eveiry 13 ft. in 143-ft. 
height. Gravel did not exceed f in. The first coat of waterproofing was thin, 
and served as a primer. No evidence of leakage after a year. Spiral stairs 
rather than a ladder were used, attached to the wall outside. 

Repairing Leaky Standpipes, At Westerly, hot paraffin waterproofing 
did/ not produce a tight tank; plastic slate stopped some leakage but imparted 
a bad taste to the water. Finally, the whole inside was covered with fivi^ 
layers of felt saturated with ‘^Neponsit compound,” at cost of $1782; this 
proved successful. At Manchester, attempts were*made to repair craqks by 
; CQ^ring with lead plates, but eventually an asphalt waterproofing 
satisfactory remedy. At Lexington an unsuccessful a^mpt 
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proofing by plastering on a lining of canvas resulted in the accumulation of 
the canvas in the bottom of the standpipe. 

Ambursen Co.^o repaired a tank 75 ft. in diam. and 30 ft. high, which had 
leaked nine years. During this time two layers of membrane waterproofing 
had been applied to the inside without improving conditions. The last 
remedy was: the interior walls were dried by salamanders and then coated with 
a hot elastic asphalt on which a three-ply felt was applied with asphalt mopped 
between the layers, and the final surface moi)ped with asplialt. A curtain 
of wire mesh was next hung covering the asphalt, and 1 in. of gunite was then 
shot on. The tank was found to be watertight on filling. 

Waltham Standpipe When built in lOOfi, liydrated lime equal to 5 per 
cent, of weight of cement was added, and concrete was carefully proportioned. 
The first 10 ft. of the inside was plastered with mortar containing an integral 
waterproofing and the remainder received at least two brush coats of a similar 
mixture. In 1914 a coat of pitch was appli(^d to the inside, and a subsequent 
attempt was made applying cement by the cement gun on the outside. 
Neither proved satisfactory; the seepage continued, and successive frost 
action caused several large outside areas to disintegrate to the extent of 
exposing the reinforcement. In 1922 the inside was relined with four layers 
of waterproofing felt mopped on with Texaco No. 56 asphalt, and finished 
with 6-oz. saturated duck fabric mopped with asplialt. Inside of this was 
laid up a 4-in. brick wall, the ^-in. annular space between the brick and the 
duck being completely filled with mortar. 

Repairs to Attleboro Standpipe When built, this standpipe was given 
13 coats of Sylvester wash at bottom and 9 at top; results were unsatisfactory. 
Some minor repairs were attempted by grouting behind a plastered face, A 
tough elastic membrane of 12 separate and distinct layers of felt in hot 
asphaltic compound was applied under a 5-year guarantee, at a cost of $3000. 
To lessen the effects of the spalling of the concrete exterior, an S-in. brick 
casing was placed with a 2-in. annular air space between it and exterior of 
standpipe, to equalize temperature. All spalled spots were filled with cement 
mortar. Drain holes were left near base of casing, to lead off leakage before 
freezing. "^No further trouble'' up to 1924. 

Architectural treatment is important to disguise leakage and spalling, 
which are most noticeable on plain concrete. Visible moisture on a tank 
creates uneasiness as to its safety. The 110-ft. standpipe in Kansas City has 
12 pilasters for ornament. Aj)pearances are em})hasized in Germany {vide 
Hockenheim and Stromeyersdorf designs in E. R,, July 10, 1015, p. 49). At 
Merrimac,68 the outside surface was wetted on removal of forms and rubbed 
with a carborundum block to present a uniform appearance, after which a* 
thin brush- coat of cement grout was applied, and the surface again rubbed with 
carborundum, followed by a dry brush. 

REINFORCED-CONCRETE TANKS ON TOWERS 

Design Methods. See paper of S. R. Ross in Can. Eng., May 1, 1923, 
p. 445. # 

Concrete proportions used by Weston & Sampson«2 at Middleborough, 
Mass., were: foundations, 1:2.5: 5; tower, 1:2:4; hemispherical bottom and 
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wall of tank up to 43 ft. above low point of hemispherical bottom, 1:1 : 2; for 
the next 14 ft., 1:1.5: 3; and above, including roof, 1:2:4. 

Support. For Middleborough tank, *2 a cylindrical wall was preferred to 
columns, for ease of calculation of stresses; could be given a better appearance 
by adding 12 pilasters, 24 by 4 in.; was better adapted to the contour of site; 
and more economical. 

Wind load was figured at 30 lb. per sq. ft. of vertical projection, resulting 
from a 70-mi. per hr. gale. 


STEEL STANDPIPES* 

Large Steel Standpipes. Btandi>ipe at Chicopee, Mass., 50 ft. in diam, 130 
ft. high, capacity 2,000,000 gal., built in 1919, was subject of controversy as to 
excessive stresses (see E. N. R., Jan. 29, 1920, p. 246). f Standpipe at Youngs- 
town, Ohio,®5 built in 1914, 100 ft. in diam., 50 ft. high, has a capacity of 

2.938.000 gal.; one at Los Angeles, 150 ft. in diam. and 51 ft. high. 
Dimensions. Where a tank can be located on a natural elevation, it is 

economical to make diam. 10 to 20 i)er cent, greater than height; as a rule, 
height should not exceed GO or 70 ft. 

Failure of Steel Standpipes. A tank 90 ft. in diam., 50 ft. high, built in 
1916 in Boston to store molasses, failed in 1919, when nearly full- Molasses 
weighs about 90 lb. per cu. ft. Court findings^^ were that tank shell and rivets 
were highly overstressed. Calculations indicate shell stress 26,000 and 

36.000 lb. per sq. in.; on a net section, assuming lap-joint efficiency at 66 per 
cent., these become respectively 40,000 and 50,000 lb; Rivets were over- 
stressed 2.2 times in shear, and 1.92 times in bearing. 

Weakness may develoi) at mauholesj unless reinforced, as these are in 
lowest plates, the region of heaviest load. They are generally 20 in. diam. in 
form of a flanged steel nozzle with a steel-plate cover ?>olied on. *8 Reinforc- 
ing plate should be sufficient to rcidace the metal cut out, and there should be 
enough rivets to develop full strength. 

Foundations. Standpi})es sliould be firmly set on concrete foundations 
and secured with anchor bolts not less than in. in diam., set deep enough to 
resist uplift, with anchor plates not less than \ in. thick. All anchor bolts 
should be connected directly to sides of standpipe with bent plates or similar 
details. Unit stress in anchor bolts should not exceed 15,000 lb. per sq. in. 
of net area. 

Necessity for anchorage can be determined from following equations 

TF^p/c/P, 

in which W « total weight of metal in standpipe, lb. ; p = intensity of wind 
pressure on normal surface, lb. per sq. ft.; k is reduction factor, to be used on 
account of curvature of surface; total height of standpipe, ft. This for- 
mula can be easily derived, on assumption that anchorage is needed when 
tension on windward side, due to overturning effect of wind, is equal to com- 

♦ Among makera are; Chicago Bridge & I^n Works; Petroleum Iron Works, Sharon, Pa.j Pitts- 
burgh-Des Moinee Steel Co,, New ^rk; Tippett & Wood, Phiilipsburg, N. J.; Walsh’s Holyoke 
Steam Boiler Works; Kenmeott Co.,;; Chicago; Memp^his Steel Construction Co„ Qreensburg, ra. 
t Constructors, Walsh^S ^olyokf Steam Boiler Works, report January, 1926, that tank ie jn 

aaoellent condition; has nev^r had Impairs. 

4 Why not omit manholes in ve# big or veiy large diam, (Enrrons.) ; 
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pression due to weight of pipe. When anchor bolts are required, they should 
be spaced equally around circumference. Stress, lb., in an anchor bolt may 
be determined from equation : 





— phIP\l 
D' )n 


in which D* == diam. of anchor bolt circle, ft.; //== number of equally spaced 
anchor bolts. This equation is readily obtained by considering standpipe as 
cantilever supported by anchor bolts. 

For connection of fihell with flat bottoms, use angle irons having thickness 
equal, at least, to that of bottom ring of shell. Wherever triple riveting is 

necessary for lower horizontal joints, 
two bottom angles should be used, with 
thickness of each angle not less than 
two-thirds of thickness of bottom ring. 
Steel standpipes may rest on either a 
sand cushion or a grouted base, to 
assure bearing being taken by bottom 
plates rather than rivet heads. At 
Needham, Mass, base was provided 
with 2-in. grout holes about iDft. apart, 
and a 1 : 1 grout of consistence of cream 
was poured in under 2-ft. head. Grout- 
ing holes should be placed in the field, 
rather than arbitrarily drilled in the 
shop. Grouting under low pressure 
may not diffuse the grout, and grouting 
under too high pressure may warp the 
base plates. Wheeler has successfully 
grouted under conical bottoms, with 
2-ft. dip in a 40-ft. tank. This shape 
can best resist Iiigh pressures. On 
earth or other yielding foundation, if a 
standpipe is enclosed by a masonry 
tower, the two foundations should 



Fig. 238. — Plate thickness for cylin- be separated by a joint permitting 
drical steel tanks and stand pipes.* 3 • i i j. i. rpi • • 

^ * independent movement. This is espe- 

cially desirable because of change of load as the standpipe is filled and 
emptied. 

Steel Plates. Minimum thickness should be I in. for sides and A in. 
for bottom. Figure 238 gives plate thickness based on steel stress of 15,000 
lb. per sq. in., and minimum thickness of metal of \ in.; “depth of water is 
measured to the lowest point of zone considered. On Fig. 238, find point of 
intersection of depth and diam. lines. This point will generally fall between 
two curves; follow space upward and to right, and read thickness of metal and 
type of riveted joint to be used at that depth. Keeping on the same ordinate 
for diam., ascertain tliicknesses for other "depths and change the design 


accordingly.® 5 
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Architecture Treatment There is always opposition to bare steel stand- 
pipes because of ugliness and depreciation of real estate values. Cincinnati 
.Water Department built concrete shells around steel standpipes. Four 
tanks at Eastern Hills were interconnected by concrete diaphragms to give 
the effect of a giant chessman.®2 The Mt. Auburn tanks, 40 ft. in diam., 70 
ft. high, for many years an eyesore, were likewise encased in concrete. The 
cost of architectural embellishment and of parking the surrounding grounds is 
considered a good investment. Instead of declining, property values in the 
vicinity have increased. The 2,500,000-gal. Bellevue Hill^s tank in West 
Roxbury, Boston, was enclosed in a shell of rock-faced granite coursed ashlar 
and has a roof supported on steel trusses. 

Life. Wrought-iron tank erected in 1883 at Princeton, N. J.,®4 received two 
coats of paint when erected, was removed in 1915 because of inadequacy; had 
been kept full of water, and had been repainted every 2 or 3 years. It had 
a flat bottom, and was supported on creosoted timbers. Inspection in 1915 
showed it exceptionally well preserved ; rust had not caused sufficient deteriora- 
tion in the plates to be perceptible by calibration. It was reerected in 1915 at 
Lawrenceville, N. J. Steel standpipe enclosed in brick at Madison, Wis.,®® 
removed after 30 years on account of inadequacy and location, was 12.5 ft. in 
diam., 60 ft. deep; bottom supported on a grillage of steel rails on 16-in. I- 
beams, 70 *ft. above the ground. Examination during removal indicated 
little corrosion and a possible physical life of many times 30 years. The 
plates had never been cleaned and repainted. At Toledo, a wrought-iron 
standpipe, 5 ft. in diam., 224 ft. high, built in 1873, was torn down in 1916 to 
make way for improvements; 37 tons of wrought iron were salvaged. Steel 
standpipe at Black River Falls, Wis.97 was destroyed by progressive corrosion 
and ice action; painted but once in 37 years. It stored soft waters containing 
^'inuch organic matter In 1904 the maintenance of an pld wrought-iron 
standpipe was costing Attleboro®* $400 per year. Cleanings twice a year 
each netted about a ton of rust, due to the large (juantity of carbon dioxide 
in the water. Its life was placed at 20 years. 

Painting* outside presents no serious problem, but maintenance of interior 
requires emptying; tank can seldom be out of service long enough for proper 
painting. Experience epitomized from a questionnaire by Metcalf and Eddy®® 
indicates that tanks should be thoroughly cleaned and painted inside at least 
every 4 or 5 years. Use of a sandblast for cleaning and proper application of 
protective coating should lengthen this interval. Tests by Kneen, of Phila- 
delphia, with different kinds of paints indicated that only paints to give 
reasonably good service are red oxide of iron and red lead. Sherman®® 
considers best practice represented by methods of Metropolitan Water & 
Sewerage Board on Bellevue Hill standpipe: 

Plant consisted at first of a 20-hp. gasoline-engine-driven air compressor, a 
compressed-air reservoir, two lines of air hose, and two nozzles. Sandblasting 
was stopped in late afternoon each day, and the cleaned surfaces were painted 
before rusting commenced. One foreman, two painters, who also did sandblasting, 
and one helper could sandblast and paint an area of about 330 sq. ft. per day. 

♦See also “Protecting Iron aiid Steel Standpipes from Corrosion, “ by Sherman, J. N. £• W. W/ 
A., Vol. 33, 1919, p. 272. 
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Later, to increase progress, a second compressor, operated by an automobile engine, 
was installed. Entire inside and outside, 35,650 ft., was sandblasted and 
painted.. All painting materials were furnished by the department, but were 
mixed by the contractor under the direction of the engineer. For inside of tank,* 
National Lead Co.^s red lead in oil paste, litharge, and Spencer-Kellogg & Son's 
boiled linseed oil were used; first coat natural color, the second and third coats 
tinted with lampblack in oil. For outside of tank, red-lead paste, raw linseed oil, 
and drier were used for first coat, and for second coat, white lead, raw linseed oil, 
turpentine, and drier tinted with lampblack. One gallon of red-lead paint was 
sufficient to cover 700 sq. ft. of surface with one coat. 

Sherman emphasizes the thorough cleaning of the metal and the immediate 
application of paint before cleaned surface has cooled and moisture has con- 
densed upon it. It appears probable from the (luestioiinaire that not only 
red lekd, but several graphite and red lead })aints, and perliaps certain enamel- 
like coatings,* will give satisfactory protection. The latter lias given best 
protection of ship bottoms. There is a lurking, although unfounded fear 
of lead poisoning if the water remains in contact with red-lead j)aint. 

Specifications (1922) of Inspection Dept., Associated Factory Mutual 
Fire Insurance Companies: 

First or shop coat: Mix 100 11). of red-lead paKsie in 21 gal. of linseed oil, equiva- 
lent in consistence to 28 Ih. dry red lead to 1 gal. of linseed oil. The red le.ad used 
must contain at lejist 91 per cent, of true red lead (PhsO-i). Paste is preferable 
to dry red lead. 

After structure has Ixjoii erected and tank made watertight, the steel must be 
cleaned of all corrosion and dirt, and bare spots touched up with paint of the 
following mixture. One coat of this paint must then be applied to the entire 
structure. 

Second coat or first field coat: Mix 100 lb. of red-lead paste in 3 gal. of linseed 
oil, equivalent in consistence to 25 Ih. dry red lead to 1 •gal. linseed oil. The red 
lead used must contain at least 94 per cent, of true red lead (Pb 304 ). 

This paint may lie tinted in order that the desired final color may be obtained. 
Paste is preferable to dry red lead. 

A third coat (second field coiit) of paint must be applied to the structure after 
the preceding coat has become thoroughly dry. This sliould preferably be of 
same mixture as second coat for inside of tank but for outside any good paint may 
be used. 

Painting must not be done out of doors during wet or freezing weather. 

STEEL TANKS ON TOWERS 

Large Tanks on Towers. Both wood and steel liave been used for elevated 
tanks, and for the towers. Largest tank on tower in the United States is 
surge tank for Salmon River Power Co. at Altmar, N. capacity, 1,500,- 

000 gal.; height from top of foundation, 185 ft.; diam., 50 ft.; depth, 105 ft. 
Tank for Louisville Water Co. has capacity of 1,200,000 gal.; height, top of 
foundation to top of tank, 220 ft.; diam., 50 ft.; depth, 90 ft.; 48-ih, riser pipe. 
This suggests possibility of similar tanks on high towers for fire protection ip 
congested districts of cities.; Chicago Bridge & Iron Works states that it is 
prepared to construct tanks of much greater dimensions than the Louisville 
♦ Used ob tank at Reading, ® 
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tank; one of 2,000,000 gallons is proposed for Charleston, S. G. Five tank^v 
each of 1,000,000 gal., were recommended for Wheeling by J. N. Chester*®^ 
because the hilly topography of the city made reservoirs in excavation and 
embankment impracticable. Life of steel tanks was figured at 25 years with 
ordinary care. 

Specifications for steel tanks have been issued by the Inspection Dept., 
Associated Factory Mutual Fire Insurance Companies, and will be sent free , 
on application. See also Birch-Nord, T, A. S. C, E., Vol. 64, 1909, p. 526, and 
Ketchum’s “Structural Engineers’ Handbook,” 3d ed., 1924, p. 461. The 
National Board of Fire Underwriters has also issued regulations (1915) for 
gravity'’ and pressure tanks. 

Rectangular tanks are prevalent in English practice. See “Tank Con- 
struction,” by E. G. Beck (Emmet & Co., London, 1921). 

Form of Tank Bottom. When steel was first substituted for wood, flat 
bottoms were used. This was uneconomical, owing to the heavy floor system 
required, and inaccessibility of bottom for painting. A conical form has in 
some instances been used, but there is nothing to recommend this type, while 
a few notable failures are recorded against it. Tlie most practical forms 
are either liemispherical or elliptical. Ellix)tical bottom* has following 
advantages, according to makers: (a) no greater stresses transmitted to 
cylinder than in the hemispherical design; (6) deptli is saved; (c) the curvature 
selected gives the greatest capacity for the weight of steel used, and reduces 
the stresses in the bottom to a minimum; (d) it has sufficient slope so that 
no sediment will remain in the tank.'o^ On the other hand, there is increased 
cost for fabrication, due to forming to compound (mrvature. 

Pipes. Outlet pipe and inlet pipe are generally served by one riser. 
Overflow piping should be separate; it should always be provided, as discharge 
of overflow into the air both alarms observers and in ax high wind sprays the 
near-by residents and has been the cause of complaints. In localities where 
water in a standpii)e may freeze, the overflow should be outside, connected by 
an aperture through the top })late. 

Riser piping is subject to great temperature influences and should be 
provided with an expansion joint for warm weather, and some sort of frost 
protection for cold weather. For moderate conditions large diam. steel pipe 
is recommended; as this freezes only next to the metal wall, an interior water- 
way is always available. In extremely cold (dimates, the riser pipe is enclosed 
in a masonry or timber shell with an insulating air space. A heating chamber 
is provided, with an ordinary depot stove heater. This commonly suffices to 
prevent all freezing troubles at a very low cost. Steam coils are installed in 
the bottoms of some railway tanks for maintaining the temperature of the. 
water. 

Plates. See p. 560. 

Painting. Seep. 561. 

Life. See p. 561. 

Towers. A water tower may have three or more legs. With wooden ^ 
toyrers it is desirfible to use 12 and even more legs, if the tank is very large, ; 
because a lesser number of 12 by 12’s, the size of timber most suitable, would 

' ♦ Patented by Pittsburgh-Des Moinea steel Co. 
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not give sufficient cross-section. Most builders have now adopted the four- 
post steel design, as being, everything considered, the best, except for tanks 
of very large capacities. Stone and brick are occasionally used, but usually 
at a greater cost. A weakness in tank construction^ has been poorly 
designed connections of steel shell to the posts of the supporting tower, 
which allowed eccentric loading. A number of tanks have failed by the 
posts staving the tank plates. A horizontal girder is coininonly employed 
to relieve the eccentricity, but tanks with girders improperly placed have 
■likewise failed. 



Fkj. 230. — Tower design. 


Foundations. Average permissible pressure on soil, tons per sq. ft.: soft 
clay, 1; ordinary clay, 2; dry sand and dry clay, 3; hard clay, 4; gravel and 
coarse sand, 6. Foundations should be carried below frost, and anchor bolts 
placed deep enough to develop full strength. In foundations for towers with 
inclined legs supporting elevated tanks, care sliall be taken that piers are con- 
structed in such manner that resultant of vertical and horizontal forces, due 
to direct loads, passes througli center of gravity of piers. Foundations, in 
general, should be concrete of 1 part Portland cement, 3 parts sand, and 5 
parts crushed stone or gravel; where part of foundation is under water, 
concrete should be 1:2:4 mixture. 


Table 167. Standard Steel Tank* 3 


Rated 
capacity, 
U. S. 
gallons 

Diameter 

“D" 

Cylinder 

hci^ght 

Distance 1 
“h” ! 

! 

1 

Rated 

capacity, 

U. S. 
gallons 

Diarnctc*!' 

Cylinder 

height 

Distance 

“h" 

10 

91 

IP 0" 

10' 11" 

4' 0" 

♦100,000 

24' 0" 

22' 6" 

8' 6" 

15 


13' 0" 

10' 11" 

(V 0" 

♦200,000 

32' 0" 

23' 4" 

12' 9" 

20 


15' 0" 

10' 9" 

5' 5" 

250,000 

32' 0" 

31' 4" 

14' 0' 

♦25 


15' 0" 

14' 7" 

5' 4" 

300,000 

36' 0" 

28' 4" 

14' 1" 

♦30 


15' 0" 

18' 5" 

5' 4" 

400,000 

40' 0" 

30' 0" 

16' 6" 

♦40 


17' 0^ 

18'. 5" 

6' 8" 

500,000 

44' 0" 

29' 9" 

19' 6" 

♦50 


19' 0" 

17' 7" 

8' 0" 

600,000 

44' 0" 

38' 6" 

19' 8" 

*60 

iftSa 

19' 0'^ 

22' 6" 

7' 3" 

1,000,000 

50' 0" 

52' 0" 

21'9'' 

1 ♦75 


21' 0" 

22' 6" 

8' 0" 

1,200,000 

54' 0" 

.52' 3" 

26' 3*1 


Tanks carried in stock, fabricated and ready lor immeaiate shipment. Range ol 

C + h. 
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• Cas^Iron Ffh/ot! 


Roof TrapJoOi 

\Sfdb ^ 
Overflow '' 

V c 

I I 

hsioleaOuf' 
sid^ LoidGler- 


Revohfirra 
Lafider 


Note 

To determine size of lot re- 
quired for a specified size of 
tank and height of tower ^ take 
dimensions D and h from table 
of Standard Tanks; determine 
(H + h) and apply in formula 
below for S = spread between 
adjacent column centers at base. 
Special Toioers can he designed 
for restricted locations. 

For sizes of tower members 
and thicknesses of tank plates^ 
send for standard plan. 



Dimensfpns of Piers for all s/- 
zes of fan ks furn/sheol on app!/-^ 
cation. 


Sectional View j Front View 

For Municipal Tanks^ heater, heater fyouse^ 
hot water pipe^ and vatve pit not rectpiredj 
a snraU pier is built at base of risen 


Fig. 240. — Piers for tank on tower. ** 
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WOODEN TANKS V 



Usefulness. Wooden tanks are in common use to supply small quantities, 
of water on top of buildings, pii low towers, or occasionally on rises of ground. 
Their usefulness to railroads and industries lies in their readiness of erection 
with cheap labor, and facility of moving to other locations. They do not 
lend themselves to architectural treatment. On cantonment work, redwood 



Fig. 241. — Allowable spacing of hoops on wooden tanks. i®® 


inks of 100,000- and 200,000-gal. capacity were used to conserve steel; they 
cost much less per gal. of capacity than either steel or concrete.^®® 

Steel Tanks vs. Wooden, (lases from locomotives do not damage theni 
and vibration of passing trains does less damage than to a steel structure, in 

♦ Maniifa.ctiirer8 include AnijBrican Wowl Pipe Co., Tacoma; W. E. Caldwell Go., LQUisville; 
U S. Wind 4Pump Co;; NaUopttl Tank & Pipe Co. ’ ; - 


which crystallization may be provoked. Steel tanks of sizes commonly used 
for fire protection cost from 40 to 100 per cent, more than wooden; the aiidi- 
tional cost of lar^ tanks is relatively less. A steel tank of about 40,000-gal. 
capacity, or over, can be erected on a steel trestle at about the same cost as a 
wooden tank, since a saving can be made in cost of supports by a hemispherical 
bottom. Above 60,000-gal. capacity, Teague^o^ gays that steel tank is cheaper 
and more practicable. In large sizes, railroads always use steel. The tight- 
ness and durability of. wooden tanks depends chiefly on selection of lumber 
and care in construction. A steel tank is superior to a wooden (1) It will 
last for an indefinite time if kept thoroughly painted inside and out, whereas a 
wooden tank will have to be replaced in from 12 to 30 years (usually 15). (2) 

It will be absolutely tight when once well erected and properly cared for, 
whereas a wooden tank will shrink and leak when the water gets low. (3) 
It will not be likely to burst suddenly (if originally correctly designed) even if 
painting is neglected, for a few spots will rust through first. Ot)jections to 
steel tanks are: (1) They require skilled boiler makers to erect, thus adding 
considerably to the cost when at a distance from the boiler shop. (2) They 


Table 168. Capacities and Weights of Small Wooden Water Tanks* 

llcgular Sizes from and 2-in. Lumber' 


5*. 

II 

Diam. of bot- 
tom, ft. 

No. hoops 

Capacity, 

Capacity, gals. 

Approximate 
weight, 2-in. 
pine, or l|-iu. 
cypress, lbs. 

Length of 
stave, ft. 

Diam. of bot- 
tom, ft. 

No. hoops 

Capacity, 

bbls. 

Capacity, gals. 

Approximate 
w;eight, 2-in. 
pine, or 1 |-in. 
cypress, lbs. 

2 

4 

2 

4 

117 

180 

2 

8 

2 

17 

543 

mm 

2.5 

4 

2 

5 

158 

210 

2.5 

8 

2 

23 

710 

510 

4 

4 

4 

8 

268 

325 

3 

8 

3 

28 

884 


5 

4 

4 

11 

342 

385 

4 

8 

4 

39 

1,218 

740 

G 

4 

5, 

r; 

• 410 

460 

6 

8 

5 

60 

1,878 

1,000 

2 

5 

2 

6 

195 

240 

7 

8 

6 

70 

2,207 

1,170 

2.5 

5 

2 

8 

255 

280 

8 

8 

7 

80 

2,535 

1,345 

4 

5 

4 

14 

443 

425 

10 

8 

8 

JOl 

3,180 

1,520 

6 

5 

4 

18 

562 

500 

12 

8 

9 

121 

3,816 

1,700 

6 

5 

5 

22 

675 

590 







7 

5 

6 

25 

784 

690 

2 

9 

2 

22 

696 

646 







2.5 

9 

2 

29 

904 

710 

2 

6 

2 

9 

292 

290 

6 

9 

6 

76 

2,390 

1,250 

2.5 

6 

2 

12 

382 

330 

8 

9 

7 

102 

3,210 

1,550 

3 

6 

3 

15 

477 

400 

10 

9 

8 

128 

4,020 

1,830 

4 

6 

4 

21 

659 

480 

12 

9 

9 

153 

4,820 

2,125 

5 

6 

4 

27 

838 

550 













2 

10 

2 

28 

. 870 

750 

6 

6 

5 

32 

1,017 

640 

2.5 

10 

2 

36 

1,138 

825 


6 

6 

38 

1,190 

740 

8 

10 

7 

129 

4,060 

1,865 

H| 

6 

7 

43 

1,368 

850 

10 

10 

8 

162 

5,102 

2,150 


6 

8 

54 

1,710 

960 

12 

10 

9 

181 

5,700 

2,465 

H 

7 

2 

13 

408 

360 

2 

12 

2 

40 

1,270 

1,000 


7 

2 

17 

534 

410 

2.5 

12 

3 

53 

1,661 

1,116 

6 

7 

5 

45 

1,413 

900 

8 

12 

7 

189 

5;944 

2,072 ; 

7 

7 

6 

63 

1,660 

1,025 

10 

12 

8 

237 

7,476 

2,421 

8 

7 

7 

60 

1,886 

1,150 

12 

12 

9 

286 

8,998 

2,770 

10 

7 

8 

LZL 

1 2,335 

1,300 

14 

12 

12 

335 

10,644 

3,200 ^ 


* See also Table 169, p. 568. 
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Table 169. Capacities and Weights of Standard Size Wooden Raiiroad and 

Storage Tanks'®^ 

Made from 3-in. Material 
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are more difficult to protect against freezing. (3) They give more trouble by 
sweating when in a building. (4) They deteriorate rapidly if painting is 
neglected. 

Creosoted wood tanks have proved a profitable investment in railway 
service.^ Creosoted loblolly pine is standard on Illinois Central R. R.io® 
for normal railway service; in high tanks, steel is used. Timber is air-seasoned 
for about 3 months, and is treated by the Rueping process, applying 5 lb. of 
oil per cu. ft. 

Life.ioo Timber gives longest life when used in territory where grown. 
Redwood tanks have a life of 26 to 48 years in California, and 15 in Wisconsin. 
White pine tanks have a life of 35 years in Michigan and 13 in Missouri. One 
cedar tank is reported in good condition after 42 years service. Of 184 tanks 



Fig. 242. — Hoop lug. 


in railway service Knowles reports average life as 32.0 years for redwood, 25 
to 32 years for cypress, and 30 to 35 years for white pine. 

Towers may be of timber, steel, or concrete. Chicago & Northwestern 
Ry. found that a reinforced-concrete enclosure had same first cost as a steel 
tower, and eliminated maintenance cost.m Supports, whether tower or 
platform, should be unyielding, as leakage has often been traced to joints 
opening through settlement. An I-beam grillage is preferred for a 

foundation. 104 ^ 

Water-level recorders* furnish a continuous record of the stages of the 
reservoir, and aid in computing water-consumption rates. They must be 
protected from freezing and from derangement by floating objects. Distance 
recorders show the pumping station operator the stage of the reservoir. They 
require a special pole line for their electrical operation, which is apt to be too . 
costly to install. The Bristol equipment must be operated by a.c. at about 
110 volts and requires three wires. Some error is always to be expected in 
gages of the float type, but they are generally accurate enough for most ■ 
practical purposes.” 3 Telltales do not furnish a continuous record, but 
enable the operator to learn the stage of the tank. Telltales are liable to get 
out of order and give a false notion of the water stage. Teaguei04 considers 
the mercury gage developed by the Associated Factory Mutual Fire Insurance 
Companies the most reliable telltale. 

Bibliography, Chapter 23. Distribution Reservoirs 

1. E. R., May 6, 1916, p. 617. 2. E. R., Sept. 9, 1916, p. 312. 8. McDonnell: B. C., Nov. 1924, 
p. 1064. 4. J, N. B. W. W, A., Vol. 7, 1892, p. 49. 5. Proc, A, W. W, A., 1892, p. 75. 6. E, N. R., 

Mar. 1, 1923, p. 390. 7. Inspection Dept., Associated Factory Mutual Fire Insurance Companies. 

9. E. N. R., Sept. 16, 1920, p. 537. 10. E. C., Nov. 25, 1914, p. 497. 11. Saville: J. N, E. W. W. A.. 

Vol. 16, 1902, p. 205. 12. E. C„ Dec, 2, 1914, p. 519. IS. T. A. S. C. F., Vol. 87, 1924, p. 42. . 

* Made by Sanborn Co.,* Boston; Gurley; Winslow, Waltham; Bristol Co.; and othersl 
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ti. R*, Sept. 30, 1916, p. 408. 16. JS. B., Oct. 28, 1916, p. 527; R N,, Aug. 6, 1915, p. 267; 
16. Hill: Prac. A. W. W. A., 1902, p. 23. IT. B. iST., Nov. 26. 1916, p. 1034. 18. B. N. B., May 
3, 1917, p. 241. 19. B. N. 1?., Aug. 24, 1922, p, 309. 86. E. C., Apr. 10, 1912, p. 416. 8T^ J5. N., 
Obt. 5, 1916, p. 646. 88. B. iV., Dec. 23, 1915, p. 1206. 89. E. N. R., Feb. 23, 1922, p, 310. 80. 
E. N, R., June 2, 1921, p. 958. 81. E. N. R., Aug. 26, 1920, p. 410. 88. Catalog of G unite Co. 
38. E. N. R., Nov. 25, 1920, p. 1044. 84. E. N. R., Feb. 10, 1921, p. 260. 36. E. N. R., Sept., 
23. 1923, p. 618. 36. E. Nov. 29, 1913, p. 616. 87. E. C., Feb. 23, 1916, p. 186. 88. E. N. R.. 
Apr. 11, 1918, p. 702. 39. E. N. R., July 1, 1920, p. 36. 40. J. A. W. W. A., Vol. 10, 1923, p. 676, 
41. E. N,. May 25: 1916, p. 990. 42. E. N. R., .Nov. 15, 1917, p. 928. 43. E. N. R., July 23, 1916, 
p. 517. 44. E. N. R., May 4, 1922, p. 739. 46. E. N„ Dec. 7, 1916, p. 1099. 46. E. N. R., March 
1, 1923, p. 39.0. 47. E. N. R., Nov. 21, 1918, p. 933. 48. Merrill: N. E. W. W. A., Vol. 29, 

1915, p. 152. 49. E. C., Jan. 7, 1914, p. 8. 60. E. n! R., Apr. 12, 1917, p. 85. 81. Folwcll; 

“ Water Supply,” p. 345. 62. E. N. R., May 8, 1924, p. 81,3. 53. E. N. R., Dec. 13, 1917, p. 1107. 
64. E. N. R., Sept. 29. 1921, p. 535. 65. T. A. S. C. E., Vol. 86, 1923. a, p. 192; b, p. 182; c, p. 
189. 66. E. N. ft., Sept. IS. 1910, p. 566, 67. E. V., Feb. 5, 1914, p. 320. 58. E. ft., July 29, 

1916, p. 151. 69. E. N. ft.. May 22, 1919, p. 1014. 60. E. X. ft., Oct. 2, 1919, p. 67.3. 61. E. N. 

ft., Jan, 9, 1919, p. 96. 62. J. N. E. W. W. .1. Vol. 20, 1915, p. 184. 63. E. AT., Mar. 18, 1916, 

p. 554. 64. E. N., Apr. 29, 1915, p. 837. 66. E. N. ft., 0<‘t. 2H. 1920, p. 841. 66. E. C., May 

26, 1915, p. 462. 67. E. N. ft., Yeh. 1, 1923, p. 217. 68. E. N.. Dec. 23. 1015, p. 1226. 69. E. N. 

ft., Feb. 19, 1920, p. 380. 70. E. N., June 1, 1910, p. 1044. 71. E. ft., Feb. 17, 1916, p. 277. 
78. E. JV., Nov. 9, 1916, p. 894. 73. Cement Age, September, 1911. 74. E. C., Apr. 22, 1914, p. 
460. 78. E. N., Sept. 7, 1911, p. 298. 76. E. N., Feb. 18, 1915, p. 291. 77. E. N., May 13, 

1915, p. 950. 78. E. N.. Apr. 29, 1915, p. Si 7, 79. E. ft., Mar. 31, 1917, p. 505. 88. E. N.. 

Aug, 26, 1915, p. 392. 83. Catalog, Pittshurgh-Des MoinoH Steel Co. 85. E."N.t Feb. 19, 1914, 
p. 412. 87. E. N. ft., May 15, 1919, p. 074; Jan. 29, 1925, p. 178. 88. E. N. ft., May 13, 1920, 

p. 952. 90. Bireh-Nord: T. A. S.-C. E., Vol. 64, 1909, p. 542. 91. Sherman: J. N. E. W. W. A., 

Vol. 30, 1916, p. 132. 92. E. V. ft., Aug. 16, 1017, p. 305. 93. E. V., Jan. 20, 1916, p. 109. 

94. E. N., Jan. 27, 1916, p. 150. 95. E. N. ft., Mar. 31, 1921, p. 548. 96. E. N. ft., Jan. 24. 
1918, p. 174. 97. E. N. ft., June 28, 1923, p. 1135. 98. E. N., Apr. 29, 1915, p. 816. 99. Sher- 
man:, 7. N, E. W. IF. A., Vol. 35, 1921, p. 51. 100. E. (?., July 14, 1915, p. 32. 101. E. N., July 
16, 1914, p. 151. 102. E. N. ft., P>b. 7, 1924, p. 229. 103. E. A'., June 25, 1914, p. 1438. 104. 
Teagues: T. A. S. M. E., Vol. 35, 1013, p. 921; E. C., Sept. 16. 1014, p. 266. 106. Maury: T. 

A. S. C. E., Vol. 83, 1919 *1920, p. 500. 106. Inspection Dc'partnumt, Associated Factory Mutual 

Eire Insurance Companies, 1922. 107. Catalog, U. S. W’ind Engine & Pump Co. 109. E. N. ft., 

Oct. 24, 1918, p. 754. 110. E. N. ft., July 15, 1920, p. 113. 111. E. N. ft., Dec. 9, 1920, p. 1143. 
118. E. AT. ft., Nov. 28, 1018, p. 996. 113. Steven.s: T. A. S. C. ft., Vol. 83, 1919-192P, p. 894. 

116. ft. AT. ft,, Jan. 17, 1918, p. 131. 116. Catalog, Lancaster Iron Works. 117. ft. N., Oct. 12, 

1916, p. 693. 119. Trans. A. S. C. ft., Vol 88, 1925, p. 1274. 120, Mun. A* Co. Eng., May, 1921, 

p. 198. 181. Munic. Eng., 1917, Vol 53, p. 191, 122. ft. ft.. Sept. 21, 1907, p. 312. 



CHAPTER 24 


WATER CONSUMPTION* 

Users of water comprise domestic, agricultural, industrial, and public 
users. The latter two arc classed as “non-domestic" by committee of A. W. 
W . A. Excess of any class may affect rate of consumption. The high rates 
in Table 172 for some western communities are due to irrigation. 

Domestic requirements* depend on the standard of living of the users; 
committee of N. E. W. W. A.^ found a daily rate of 15 g.p.cap. in lowest-class 
dwellings (13 persons per house); 34 g.p.cap. in middle-class dwellings (7 
per house); and 54 g.p. cap. in first-class dwellings (6 per house). Pennsyl- 
vania Hotel, New York City, accommodating 3300 guests, t averages 0.9 mgd. 
For demands on iced-water systems, see Power, Feb. 12, 1924, p. 254. Abel 
Wolman2 places “sanitary" demand at 15 to 25 gal.; 30 should constitute 
the “maximum water re(|uirement." The net daily allowance in cantonment 
design t was 55 g.p. cap.; it was considered “very liberal," but was exceeded 
in many camps. 3 The troops in France had an average of 2 g.p.d.4 Lawns 
require 7 to 8 gal. per 100 sq. ft. for sprinkling and double this quantity for 
soaking. TestsS by W. F. Sullivan on lawn simnklers and garden-hose 
nozzles indicate that discharge per hr. varies from 225 to 660 gal., dependent 
on type and pressure. A. 0. True® estimates water-closet flusliing at 12 to 
20 per cent, of total co/lsumption ; his tests of wasli-dowii siphon closets indi- 
cate that they can operate on as little as 2| gal. per flush; 5 to 6 gal. is usually 
allowed and Ig gal. for ordinary urinal. Ordinary bath tub rc(iuires 30 gal. 
Public baths at New Orleans, when emptied daily, require 200 to 500 gals, 
of water per bather .21 


Table 170. Per Capita Allowances, Gal. per Day, for Apulian Aqueduct System, 

Italy* 


■ 

Type of supply 

Type of community 

Large cities: 
Hurl, Lecce, 
Foggia, Bar- 
ic tta, Tareiito 

Population j 

Above 20,000 

20,000-10,000 

10,000 .5,000 

.5,000 or less 

Gravity 

24 

18.5 

16.0 

13.25 

14.5 

12.0 

13.25 

10.6 

Pumped. - , . 





Industrial requirements for railroads, shops, restaurants, etc. vary with 
character of industry and have no fixed relation to population; among the 

* For Waste of Water, see pp. 423-426, 

J With employees and visitors this hotel has been termed equal to a town of lO.OCMX 
For aviation fields, see /. A, W, W. A,, Vol. 6, 1910, p. 668. V 

■ 'Sri- : : - . • 
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largest users are tanneries, laundries, breweries, chemical works. The paper, 
industry requires 0.12 to 1.8 mg. per ton of paper.® Figures on industrial 
uses of water are presented in committee reports cited below. Many 
industries find economy in providing their own water supply. Industrial 
depressions have a marked effect on consumption; in 1020, the consumption 
in Newark averaged 48 mgd., and in 1923, although the population was larger, 
an industrial depression reduced the demand to 44 mgd. For steam making, 
water required per hr. per hp. may be taken at 25 lb. for good engines, and 15 
lb. for the best engines. Condenser water for large i)lants is generally taken 
directly from adjacent streams. Railroad ceiitei*s supply a large quantity 
to railroads. In Watertown, N. Y., one-third of demand is industrial.ii 

Public uses of water, including waste,* often constitute a large proportion 
of consumption. Municipal reciuirements for fire fighting, street and sewer 
flushing, and for use in public buildings are not metered in many cities where 
rigorous accounting methods do not i)revail; su(‘h consumption is often 
included in Water not accounted for,’^ see p. 423. For pump slip, sec p. 482. 
Fire-protection requirements during a year ai*e small, l)ut a heavy demand 
for brief periods (for demands at some notable fires, see Wegmann’s ^^Con- 
veyance of Water,’' p. 399). The National Board of Fire Underwriters 
requirements are given in Table lOfi, p. 401. (For furtlun* discussion of public 
uses see J. N. E. W. W. d., Vol. 27, 1913, pp. 117-134, and (Jaleb Mills Saville, 
in J. A. W, IF. A,, Vol. 7, 1920, p. 809; also ihuLy 914.) Waste, often 
euphemistically termed water not accounted for,” may range from 20 to 50 
per cent, in completely metered (utics.f Tests at Ro(4icster'® indicated as 
follows: 2i-in. hose for street flushing with 1-in. smooth noozle and 30-lb. 
hydrant pressure averaged 1000 gal. per 1000 sq. yd. Sewer flushing at 150 
gal. per min.; time varies from 15 to 00 min. For snow removal, 100,000 
gal. per day is required for 30 days. Fountain, 25* gab per day by meter; 
operates 5 months per year. Horse troughs, metered flow 1,500,000 gal. 
per year. 

Water-consumption statistics for a selected large, small, and medium-sized 
community in many states are presented in Table 172. “Gal. to each con- 
sumer” represents gal. per capita. There is lack of uniformity in methods 
of reporting; many officies now use the N. E. W. W. A. forms to avoid this. 
See also Reports of Committees on Water Consumption, J, N. E, W. W. A., 
Vol 27, 1913, p. 29, and J. A, IF. IF. A., Vol. 2, 1915, p. 181; also “Consump- 
tion and Sales of Water in Water-works Systems that Are Completely Metered, 
or Nearly So,” in Meter Ratefi for IFaicT-i/wA:*’,” by Allen Hazen (Wiley, 
1918), p. 202k For indication of increasing rate of use of water compare recent 
figures with those in Report to Merchanta' Assn.^ New York (1906), by J. H, 
Fuertes; in a Treatise on Hydraulic and Water-supply Engineering (1899), by 
J. T. Fanning; in Report upon New York's Water Supply (1900), by J. R. 
Freeman, p. 33, and in J. N. E. W. W. A., Vol. 27, 1913, p. 40. 

Statistics of foreign cities, Table 173, are reproduced from the fifst edition, 
as world conditions render impracticable the securing of authoritative new 
data. Other data on foreign cities are given in N, E, W, W. A., Vol. 27, 
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1913, pp. 47-53. For English statistics, see also Water Works Directory 
and Statistics/' published annually by Hazell, Watson & Viney, Ltd., London: 
For statistics of most European cities, see Capacci, Acquedotti, ed Acque 
Potabile (Hoepli, Milan, 1918.) 

Per capita consumption in cities and towns of the United States ranges 
approximately from 50 to 400 g.p.d. For communities having service con- 



In term§ of moan. Above and below moan. In hourly rate. 

Fig. 243.— Variation of watt'r eon sumption in comp](4,('ly m('t(‘r(Hl systems. 2° 


nections wholly or largely metered, it is commonly under 100 g.p.d., and for 
small cities and towns often much IoSkS. For large citi( 5 s with few meters, but 
well-managed works in good condition, 125 to 150 g.p.d. is a reasonable allow- 
ance. Character of industries, climate, and other local conditions have 



Fig 244 Hourly variations of pumping demand on a maximum daj^* 

Cleveland, 0.»« 

important influences. The pressure is also a factor; see Metcalf's diagram 
for Akron, J. N. E. W. W, A., Vol. 33, 1919, p. 219. 

W. R. HilP2 tabulated records from 68 cities to show a lower consumption 
rate in the cities more completely metered. Metcalf studied relation of water 

* similar diagram for Detroit, in J. A. W, W. A., Vol. 8, 1921, p. 600. ^ 
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rates and gro^vth of eommumties to consumption, see Water Works, April, 
1926, p 157 

Fluctuations in consiunption rate are caused by the necessities of 
household activities, by hres, by allowing fixtures to run in cold weather, by 



Fio 245 — Virntions m daily pumping dcmind of m ixinmrn montli having 
maxinium a uiitions in dtni ind in 10 'sc u poiiod, ( k\(.liiul ** 

excessive bathing uid inkling in i hoi spill J iguie 211 shows typical 
variations 1 F ill (oin links fioin 'st I ouis cl it i^^ tli it the daily latc 
dcterniiiicd fioni uinuiliitc will be ( \(((,^d(d l)> 12)j)(iccnt in thejnaxirnum 
month, by 1>5 pci cent in the iniMinuin week, uid b> 150 per cent in the 



maximum day. Large cities usually have much less proportionate variation 
in consumption throughout the 24 hr than small communities where fire 
demands have large influence Pumping records, 1914r-1015, at San Juan, 
P.R , showed maximum daily at 125 per cent, of average, and maximum 
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hourly at 168 per cent.^^ Tests by Burgess at Lorain, Ohio, showed daily 
consumption in July, 1912, of 4.15 mgd., and rate for maximum 4 hr* aver-^ 
aging 6.25, 151 per cent, of July average. Standard Schedule, National 
Board Fire Underwriters, assumes maximum daily consumption 150 per 
'cent, of yearly daily average. 


Table 171. Night Flow vs. Daily Ratei 5 


, City 

. 

Population 

Per cont. 
metered 

Daily 

consumption 
per cap., gals. 

Flow, 1 to 4 A.M. 
in per cent, of 
daily rate 

Detroit, Mich 

1,000,000 

122,000 

9,400 

98 

135 

66 

Hartford, Conn 

86 

70 ’ 

53 

Milton, Mass 

100 

46 

21 


Forecasts of consumption must be based on the extent and character of 
community to be supplied. In basiness districts, estimates are sometimes 
based on floor-space area in the office buildings. ' 6 Studies must recognize 
that, even in cities 100 per cent, metered, the rate of consumption is legiti- 
mately increasing. It is often convenient to estimate separately the needs 
of the various classes. Hazen^s studies for the future needs of northern New 
Jersey are based on 116 g.p.d. per capita. The increasing rates per capita 
assumed in Baltimore report by Stearns and Freemani^ are as follows: year 
1915, 130; 1920, 135; 1930, 145; 1940, 150 g.p.day. Freeman\s 1900 report for 
New York assumed 128 in 1920; records show average was 132 for 1920 and 127 
for 1921. 

Agricultural Uses. Consumption of water by farm animals varies greatly, 
depending upon season of year, age and individual habits of animal, and local 
conditions. Following is an approximation: Horses, each, 5 to 10 gals, per 
day; cattle, each, 7 to 12 gals, per day; hogs, each, 1| to 2| gals, per day; 
sheep, each, 1 to 2 gals, per day. Making allowance for evaporation it 
requires 28,320 gals, to irrigate 1 acre 1 in. deep. It requires from 10 in. to 
20 in. per acre to produce a crop, average being IG in. Actual amount required 
depends upon crop and season. Flooding alfalfa 0 in. deep will wet the soil 
4 ft. from surface. Flooding orchards 4 in. deep will wet the soil 4 ft. from 
surface. 


Table 199. Daily Consumption of Water by Crops 

(Risler) 


• 

Inches 


Inches 

Liiccrn 

0.134 to 0.267 
0.122 to 0.287 
0.140 to 0.193 
0.111 to 1.570 
0.140 

0.036 to 0.031 

Wheat. 

0.106 to 0.110 
0.091 

0.038 to 0.055 
0.038 to 0,050 
0.020 to 0.043 

Meadow grass 

Oats 

Rye 

Potatoes 

Corn 

Oak trees 

Clover. 

Vineyard 

Fir trees 


Meters may cut consumption in irrigated districts as at Twin Falls, 
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Table 172. Water Consumption in American Cities 

Secured Mainly by Correspondence Supplemented by Data, in American .1 y 


State and municipality 


Popula- 

tion 

served, 

thousands 


Alal>ama 

Birmingham . . . 

Eufaula 

Mobile 

Arizona 

Bisbee 

Prescott 

Tucson 

Arkansas 

Helena 

Little Rock — 

Pine Bluff 

California 

Palo Alto 

Pasadena 

San Diego 

Colorado 

Colorado Springs. 

Denver 

Sterling 

Connecticut 

Hartford 

Middletown .... 
New London.. . . 
Delaware 

Georgetown 

Wilmington 

Florida 

Jackson vill(^ .... 

Lakeland 

Quincy 

Georgia 

Atlanta 

Augusta 

Savannah 

Idaho 

Boise 

Coeur d’Alene. 

Lewiston 

Illinois 

Bushnell 

Chicago 

Peoria 

Indiana 

Evansville 

Ft. Wayne 

New Albany . . . 
Iowa , ^ 

Council Bluffs. 

Davenport 

Oskaloosa 

Kansas 

Concordia 

Kansas City . . . 


238 

() 

m 

18 

8 

25 

12 

85 

15 

7 

57 

121 

35 

290 

() 

1()5 

10 

25 

2 

112 

92 

10 

5 

275 

55 

85 

30 

8 

10 

3 

2938 

100 

85 

87 

23 

38 

50 

10 


Gals, per 
day to 
each con- 
sumer 


110 


00 

77 

150 

22 * 

03 

200 

100 

82 

80 

107 

100 

87 

191 

192 

no 

84 

90 

101 

25 

112 

09 

50 

19 

89 

90 
123 

.50 

310 

70 

33 

270 

88 

99 
()0 

109 

118 

84 

100 

52 

138 


1 Metered 1 

Ave. 

consump- 
tion, ingd. 

Year 

Per cent, 
of receipts 

Per cent. ^ 
of service 

91 4 

99 . 7 

13.0 

1922 


00 

0.5 

19 B 0 


00 

10.3 

1922 

100 

100 

0.4 

1922 


100 

0.5 

1920 


11 

5 

1923 


78 

1.2 

1920 


100 

7.0 

1923 


100 

1.2 

1920 


100 

0.8 

1920 

91 


0.1 

1921 

100 

100 

10.5 

1923 

20 

2 

0.7 

1922 

‘>0 

9 

,55.9. 

1922 

100 

100 

0.7 

1923 


90.7 

13.9 

1922 


99 

1.5 

1920 

100 


2.0 

1921 


2 

0.05 

1920 

01.8 1 

88 

12.5 

1922 


98 

0.3 

1920 


99 

0.5 

1923 

100 

20 

0.1 

1923 


100 

21.0 

1923 


100 

5.0 

1922 

50 

25 

10.5 

1923 

92 

100 

1.5 

1922 


Small 

2.5 

1922 

95 

87 

0.7 

1923 


100 

0.1 

1920 

58 


785 

1921 

71 

• 81* 

8.8 

1922 

75 


8.4 

1922 

77 

5.7 

1920 


9 

2.5 

1920 

100 

100 

4.5 

1923 

70 

88 

4.8 

1922 

95 

90 

1 

1923 

100 

100 

5 

1922- 

79 

90 

. 15.2 

1922 


* UnuBual local conditions. 
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Table IM. ^ater Gonsumption in American Cities. — (ConUnued) 



Popula- 

tion 

served* 

thousands 

Gals, per 
day to 
each con- 
sumer 

Metered 

Ave. 


State and municipality 

Per cent, 
of receipts 

Per cent, 
of service 

consump- 
tion, mgd. 

Year 

Kentucky 




93 


1922 

Ashland 

22 

58 

77 

1.3 

Covington 

Louisville 

Louisana 

70 

71 

90 

100 

5 

1922 

258 

138 


11.7 

35.9 

1922 

'Baton Rouge. . . . 

20 

88 

95 

90 

1.8 

1920 


405 

44 

100 . 


100* 

40.2 

1922 

Shreveport 

100 


81 

4.4 

1920 

Maine 






1923 

Aiip'iist.fi. 

13 

12 

154 



2 

Bath 

125 

35 

30 

1.5 

1923 

Wn.f.ervillft 

13 

252 


2 

3.4 

1920 

Maryland 




94.5 

1922 

Balt-imnrr* 

700 

2.5 

124 



Oh n 

64 


25 

0..2 

1923 

Hagerstown 

Massachusetts 

30 

120 

94 

90 

3.0 

1923 

Rc).«<t,r»n . . 

752 

125 


100 

04.3 

1920 

Oamhridge . 

114 

90 


47 

11.1 

1922 

Malden 

49 

55 


97.4 

•2.7 

1920 

New Bedfor<l. . . . 
Michigan* 

135 

80 

100 

94.7 

10.8 

1922 

Het.rnif . . 

10()3 

144 

97.7 


153 

1923 

Grand Rapids . . . 

150 

107 

99 

99 

10 

1923 

Jackson 

48 

94 

100 

100 

4.5 

1923 

Minnesota 






1922 

Duluth 

100 

89 

70 

79 

8.90 

New Tllni 

7 

43 


100 

0.3 

1922 

St. Paul; . 

241 . 

85 

95 

93 

20.7 

1922 

Mississippi 





3.9 

1923 

Jdckson 

30 

128 

72 

07 

Meridian 

.28 

125 

98 

98 

3.5 

1923 

New Albany 

• 3 

33 


88 

O.l 

1920 

Missouri 






1921 

Kansas City 

331 

133 


SO 


Poplar Bluff 

8 

100 


0 

6.8 

1920. 

St. Louis 

Montana 

780 

132 

42 

103.5 

1922 

BoTiernan 

8 

282 


10 

2.1 

1922 

Butte 

00 

140 

42 

5.7 

8.8 

1922 

Lewistown 

Nebraska 

5 

400 

25 

10.0 

2 

1922 

Grand Island .... 

14 

251 


100 

3.5 

1920 

Lincoln 

00 

i 90 

99 

100 

5.4 

1923 

Sidney 

3 

I 100 

97 

95 

0.3 

1923 

Nevada 







Elko 

2 

241 


50 

0.5 

1920 

Reno-Sparks 

10 

67()t 


0.1 

10.8 

1923. 

New Hampshire 




70 

2.2 

1923 

Concord 

20 . 

110 

87 

Keene 

11 

100 

95 

98 

1.1 

1923 

Portsmouth 

14 

65 

100 

100 

0.9 

1923 

New Jersey 






1923 

Kearny. , 

30 

300 


100 

9 

Newark . . 

415 

92 


93 

39 

19tl 

Paterson 

136 . 

81 


11 

1921 


♦ C8 per cent., conaumptipn. t Irrigation uses are included. 
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Table 172 . Water Consumption in American Cities. (Continued^ 
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Table 172. Water Consumption in American Cities. — (Concluded) 



* No restrictions to date; gravity supply. 


Table 172A. Industrial and Commercial Use of Water in Typical American 

Industrial Cities * 



CoiiHumption, rngd. 


City * 


Industrial 

Pvr cent, 
industrial 


Total 

and 




coinrnc.ririal 


Akron, Ohio 


2.5 

15 

Baltimore, Md 

105.0 

20.3 

25 

Bridgeport, Conn 

23.0 

12.0 

52 

Chicago, 111 

800.0 

150.0 

19 

Kansas’ City, Mo 

50.0 

17.5 

35 

Milwaukee, Win 

09.0 

45.0 

05 

New York City 

800.0 

175.0 

22 

Rochester, N. Y 

20.0 

. 0.7 

26 

Springfield, Mass 

13.9 

4 2 

30 


♦ From “Manual of American Water Works Practice," 1925, p. 430. 
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Table 173* Water Consumptioiiiin Foreign Cities 

Information mainly from correspondence, July, 1913 


City 

Population 

supplied 

Gals, per day 
per capita 

Metered, % of 
consumption 

Year 

Consumption, 

mgd. 

Remarks 

Canada 

Montreal 

600,000 

153(a) 

10.0 

1912 

80.4 

(a) Municipal; 30% 

Toronto 

425,000 

118 

22.5 

1911 

50.3 

supply from private 
sources, 104 gal. per 
capita per day. 

Vancouver 

125,000 

173 

— 

1912 

21.6 

All but domestic sup- 

Winnipeg 

225,000 

56 



1912 



plies metered. 

Large % metered. 

SoiUk America 






Buenos Aires 

1,252,000 

35* 

100.0 

1913 

43.3 


Lima 

175,000 

57 

None 

1913 

10.0 

Estimated. 

Montevideo 

.363,000 

11 

100.0 

1913 

4.1 

Private company. 

Bio Janeiro 

1,000,000 

60 

10.0 

1912 

59.8 


Sao Paulo 

3.32,000 

63 

— 

1912 

21.2 

50% services metered. 

(haat Britain 






Belfast 

400,000 

48 

20.0 

1912 

19.2 


Birmingham 

852,000 

32 

33.5 

1913 

26.0 


Dublin 

307,000 

46 

22.0 

1909 

14.1 

• 

Edinburgh. . . . . . 

450,000 

56 

25.0 

1912 

25.2 

Water area extends 

Glasgow 

1,135,000 

76 

27.6 

1913 

86.5 

Liverpool 

914,000 

42 

30.0 

1912 

38.8 

beyond city. 

Exclusive of 24 mgd. 

London 

6,677,000 

43t 



1913 

28.4 

from private sources. 
23 . 3 % of revenue 

Manchester 

1,400,000 

36t 

40.0 

1913 

50.4 

comes from metered 
services. 

Water area extends 

Northern Europe 
Amsterdam 

(North of 
566,000 

SO^Lat.) 

26 

100.0 

1911 

f 

15.0 

jbeyond city. 

Berlin 

2,063,000 

35 

— 

19il 

70.0 

I 25% supplied prl- 

Brussels 

312,000 

25 

100.0 

1911 

7.8 

ivately; 92% of public 
i supply metered. 

Copenhagen 

476,000 

33 

45.3 

1913 

15.6 


Dresden 

555,000 

30 

72.4 

1911 

16.6 


Hague 

292,000 

20 

50.0 

1912 

5.9 

Some private sup- 

Hamburg 

977,000 

37 

97.3 

1912 

36.0 

plies. 

Leipsig 

599,000 

19 

87.0 

1912 

11.4 


Moscow 



— 

100.0 

1911 

18.5 


Petrograd 

2,018,000 

38 

86.5 

1913 

76.0 

Many private indus- 

Rotterdam 

441,000 

29 

27.5 

1912 

12.6 

Stockholm 

. 376,000 
750,000 

'27 

52.0 

1912 

10. 0 

trial supplies. 

Warsaw. 

25 

'87.0 

1912 

18.6 


Southern Europe 
Athens 

188,000 

34 

None 

1913 

6.3 

Supply inadequate. 

Budapest, i . . . . . 

910,000 

58 

39.3 

1912 

53.2 

Geneva 

131,000 

217 

83.0 

1912 

28.4 

Of which 3% is pri- 

Madrid ........ 

570,000 

84 

25.0 

1913 

47.8 





vate. 


♦ 33 in 1800 72 in 1023 (Ptib, Hlth. Eng. Abs., June 21, 1924). 

1 43 in 1023 and 1024 . . 

i 40 in 1010 (maximum )> 32 m 1022 und 1924, 
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Table 173. Water Consumptioii in Foreign Cities. — (Corttintied) 


City 

Population 

supplied 

1 

V C5 

u'ti 

^ 0) 

O a 

Metered, % of 
consumption 

Year 

Consumption, 

mgd. 

Remarks 

Southern Europe 
Marseilles 

550,000 

44 

___ 

1912 

21 5 

70 large meters. 

Munich 

615,000 

75 


1912 

46.0 

Small private supplies. 
20%, private. 92% of 

Odessa 

580,000 

19 

80 0 

1912 

11 0 

public supply is me- 
tered. 

Paris 

3,430,000 

38 

100 0 

1911 

111.0 

Kng. News, Aug. 24, 

Home 

542,000 

120 

100 0 

1911 

65 0 

1911. 

Venice 

132,000 

40 

65 0 

1912 

5 3 


Vienna 

2,065,000 

25 

50.0 

1911 

51 3 


Africa and Austra 
Alexandria . . . 

ha 

420,000 

2S 

50 0 

1913 

11.9 

Private Works. Na- 

Cairo 

705,000 

25 


1912 

16 9 

tives take water from 
hydrants. 

Population estimated. 

Melbourne 

604,000 

73 

— 

1912 

41 4 

30.7% of services 

Sydney. . .• 

731,000 

50 

______ 

1912 

36 4 

metered. 

20 7% of services 

Asia 

Bombay 

979,000 

37 


1913 

36 2 

metered. 

f Some private sup- 
< plies. 18 2% ser- 

Calcutta 

1,109,000 

62 

2 0 

1913 

68 1 

[ vices metered. 

Canton 

1,000,000 

— 

Small 

1913 

5 6 

Pfeed by only portion 

Osaka .... 

1,148,000 

17 



1912 

19 7 

of population. 

Shanghai. . 

488,000 

— 

9 3 

1912 

11 2 

Population, 1910 

Tokio 

• 

1,417,000 

32 

1 

27 1 

1912 

46 0 

French settlement 
supjihed by private 
works, 14.13% of serv- 
ices metered. 


Bibliography, Chapter 24. Water Consumption 
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1921, p. 403. 10 . E N. R , July H, 1920, p 84. 20 . E A'. « , Sept 2, 1020, p. 449. 21 . 60th 

Report, Sewerage and Water Buaid, New Orleans, 1924, p. 14. 22 . E. N. R., Nov. 20, 1919, p 966. 
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Table 173A. — ^Records of Maximum Water Consumption for Massachusetts Citieu 

and Towns, 1910* 

(By courtesy of X. H. Goodnough) 


City or town 


Abiiigtou atid Uockland.. 

Amesbury 

Andover 

Attleborough 

Avon 


Average 
daily 
con- 
sump- 
tion per 
person 


„ . ly 

Braintree 

ridge water and E. 
Bridgewater. 

Brockton 

Brookline 

Jambridge 

anton 

Danvers andMiddleton. . 

Dedham 

Easton 

Fall River 

Foxborough 

Framingham 

Franklin 

Gardner 

Gloucester 

Grafton 

Hudson 

Ipswich 

Lawrence 

Lowell 


Lynn and Saugus 

Manchester 

Mansfield 

Marblehead 

Marlborough 

Maynard 

Methuen ■ 

Middleborouph 

Milford and llopetlale. . 
Montague and Erving. . 

Nantucket 

Natick 

Needham 

New Bedford 

<lewburyport 

Newton 

North Andover 

North Attleborough. . . , 

forth Brookfield 

orwood 


Max. monthly 
consumption 

1 Max. weekly 
consumption 

I Max. daily 

I consumption 

Gal. 

per 

person 

per 

day 

Per 
cent, 
of av- 
erage 
for 
year 

Gal. 

per 

person 

S 

Per 
cent, 
of av- 
erage 
for 
year 

Gal. 

per 

person 

per 

day 

Per 
cent, 
of av- 
erage 
for 
year 

63 

137 

70 

151 

90 

197 

50 

111 

51 

110 

68 

165 

90 

115 



162 

189 

62 

115 

63 

116 

91 

169 

55 

153 

72 

200 

102 

283 

61 

12H 

72 

144 

172 

342 

146 

160 

191 

210 

224 

246 

87 

107 

93 

115 

108 

133 

27 

123 

29 

132 

39 

177 

45 

115 

55 

111 

09 

177 

103 

116 

117 

132 

128 

177 

106 

106 

111 

111 

119 

119 

75 

123 

84 

138 

97 

159 

108 

121 

130 

153 

158 

178 

i.'ia 

119 1 

163 

128 

182 

141 

2 :\ 

117 

38 

158 

63 

263 

47 1 

107 

i 50 

114 

54 

123 

51 1 

102 

1 59 

118 

75 

150 

58 

: 121 

: 65 

137 

86 

179 

88 

' 114 

96 

158 

127 

208 

49 

111 

55 

125 1 

108 

246 

96 

156 

114 

207 * 

130 

237 

22 

60 

122 

123 

24 

65 

133 

133 

■32 

178 

60 

143 

84 

200 

106 

253 

51 

113 

00 

133 

60 

133 

57 

112 

60 

129 1 

75 

147 

79 

110 

87 

121 

108 

150 

261 

217 

327 

271 ! 

.363 

302 

97 i 

129 

103 

1 137 

276 

368 

147 

186 

169 

214 

187 

237 

42 

114 

59 

159 

80 

190 



Metcalf and Eddy, “American Sewage Practice,” Vol. 1, p. 176. 







PART V 

CHARACTER AND TREATMENT OF 
WATER 


CHAPTKH 

CHARACTER OF WATER 
GENERAL PROPERTIES 

Properties of Pure Water. Pure water is composed of 2 atoms of hydio- 
geii and 1 of oxygon (H ()) It is a luiuid ha\ ms a blue color, and it dissolves 
most substances, even locks and metals, to a greater oi lesser degree It is 
nearly incompressible Preezing point 0°C (d2°F ) Boiling point lOtPC. 
(212°F ) 


Table 174. Densities and Volumes of Water from 0 to 100® C. 


At Atinosj)hcric Pressure = 7G0 Mm Mercury' 


Temp 

t°C 

W< ight of 

1 c c A\at(i 
in gi inis 

\ olunif of 

1 g wall r 
in 1 ( 

It nip 
C"C 

Weight of 
1ft watf r 
in grams 

^ olumt of 

1 g watf r 
in c ( 

If mp 
t°C 

W( ight of 

1 f c watt r 
in grirus 

Volume of 

1 g water 
111 c c 

0 

0 90087 

1 (X)013*’ 

20 

0 00S23 

1 00177'! 

50 

0 08807 

1 01207 

4 

1 00000 

1 00000 

30 

0 90508 

] 00134 

80 

0 97183 

1 02899 

10 

0 00073 

1 00027 

40 

0 99225 

1 0(1782 1 

U)0 

0 05838 

1 04343 


Table 176. Solubilities of Various Gases m Pure Water at Various Temperatures 
and Normal Pressure (760 Mm.) 


C c per Liter 


Temp 

Carbon 
dioxidt ® 

Ox\gt n* 

Nitrogen 2 

Hydrogen 

sulfidt^ 

Oxygt n from 
itmosphene 
air*^ 

C hlorme* 

Cent 

1 ? ahr 

0 

32 

1713 

40 24 

23 00 

4621 

10 26 


5 

41 

1424 

43 21 

20 64 

3935 

9 02 


10 

50 

1194 

38 37 

18 54 

3362 

8 02 

3095 

15 

59 

1019 

34 55 

16 84 

2913 

7 21 

2635 

20 

68 

878 

31 44 

15 54 

2554 

6 ,50 

2260 

25 

77 

750 

28 90 

14 43 

2257 

6 00 

1985 

30 

86 

665 

26 65 

13 55 

j 2014 


1709 


Water diBSolvfs from air relapvelv largtr proportions of carbon dioxide than of oxygeti, and 
of oxygen relatively larger proportions than ol nitrogen, notwithstanding the ratio of N O in the 
air 4 1 
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Conversion of o.c. per L to mg per L may be effected by the following 
formula: 

^ = mg per L when 
F = c c per L 

W = weight of 1 L of the gas, m g (Table 176) 

2 = molecular factor for bivalent gasc's, all gisos in Tables 175 and 
176 are bivalent 


Table 176.* Weight of 1 Liter of Various Gases at 0®C. and 760 Mm. Pressure 


Namt of gas 

I oriiiul i 

grins 

Spidht gravity, 
iir = 1 

Carbon dioxide 

( o 

1 <)77 

1 520 

Nitrogen 

N 

1 251 

0 067 

Oxygen 

() 

1 120 

1 105 

Hydrogen sulfide 

II S 

1 51S 

1 180 

Air 


1 20 i 

1 000 

Hydrogen 

II 

0 ()S0S7 

0 0()05 


* Values taken from Sniitl soiuui Inst J iblcs 


Absorption of Gases from Air by Water. On account of paitial piessuic 
being exerted, water does not absoib as much of any one gas fiom the an as 
when pure gas is brought in contact with water The volumes of oxygen ab- 
sorbed from the air b> witei at dififc'rcnt tempcratuies ait gi\eii m Table 175 
The volume of any gas dissohed by water at constint temjieratuie vanes 
directly with the piessuic 

Absorption of Light by Water. — Di Birge states that <it a depth of 1 metei 
the solar energy varies in different lakes fiom 2 to 20 per cent of that at the 
surface. The intensity of light docs not doc it ist gc^oftictiicilH as the depth 
increases arithmetically because the watei is blue in color and absorbs red 
and yellow rays most readily 

EXAMINATION OF WATER 

An analytical examination of water consists of a series of tests and experi- 
ments, usually from 10 to 25 in numbci, to assist in ascertaining its past 
history and its present condition Tor the foimei purpose, chemical examina- 
tion IS of the most value , foi the latter, bactciiological, the value of these is 
increased many fold if ac c ompanic^d by a caicful sanitary inspection of the 
source of the sample. The impoitant ob)ect of a water analysis is the deter- 
mination of the presence or absence of unpuiified human animal, or industrial 
wastes, particularly sewage Tlieiefoie, in the language of the late Professor 
Kinnicut: ^'It is very obvious that no single set of chemical standards will 
be safe to use in commending or condemning a given water.'^ The opinion 
of the analyst must be based upon the analytical lesults considered in the 
light of the geological and sanitary conditions revealed by the inspection of 
the sources. For methods of physical, chemical, bacteriological, and micro* 
seopie tests, see ‘^Standard Methods of Water Analysis,^' American Public^ 
Health Assn,, 1926, abstracted on pages 593-601. 
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The following synopsis explains in brief the significance of the various 
tests. For a more technical explanation, see Am. Pub. Health Assn., ** Stand- 
ard Methods of Water Analysis,^' 1925; Mason, '^Examination of Water/' 
5th ed., 1922; Woodman and Norton, "Air and Food," 1915; Ohlmtiller- 
Spitta, "Untersuchung des Wasscrs,'" 1910; J. C. Thresh, "The Examination 
of Water and Water Supplies," 1904; G. C. Whipple, " Microscopy of Drinking 
Water," 1921; Prescott and Winslow, "Elements of Water Bacteriology," 
1924; Kossowicz, "Einfuhrung in die Mykologie der Gebrauchs und Abwas- 
ser," 1913. 

Physical and Chemical Examination. Color is a measure of colored sub- 
stances in solution, such as vegetable matter dissolved from roots, leaves, 
and swamps, also humus and iron salts, expressed in terms of standard 
Pt-Co solution (see p. 594). 

Odor is a measure of the odor produced by the various substances con- 
tained in the water, whether vegetable matter in solution, microscopic 
organisms, or gases of decomposition. Odor is useful in detecting the pres- 
ence of sewage. The microscopical examination is invaluable for determining 
causes of odors in surface water. Many of the causes arc obscure and need 
further study. 

Turbidity is a measure of suspended matter which obstructs the passage 
of light. Turbidity may be due to silt, clay, suspendtMi Fe, organic matter, 
micro-organisms, etc. It is expressed in terms of the turbidity produced by 
a given weight of silica. 

Oxygen consumed is a measure of the carbonaceous organic matter which 
is partly oxidized by acid KMn 04 solution. Wateis whi(*h oxidize rapidly 
usually contain unstable caibonaceous matter. Oxygen consumed is closely 
related to color. 

Nitrogen exists in winter in scveial states of combination. Organic nitrogen 
in oxidizing to nitrates, passes through an intermediate stage, nitrites, or may 
be decomposed with evolution of Nils or free N. "A state of change is a 
state of danger" (Drown). 

N as albuminoid ammonia is an approximate measure of the nitrogenous 
organic matter. The method determines but part (about one-half) of the 
total organic nitrogen. It is from two sources — vegetable and animal. 
Protcids and amino bodies from vegetable sources are much more stable than 
those from sewage and evolve N less rapidly when treated with alkaline 
KM;n 04 and distilled. Vegetable albuminoid ammonia is accompanied by 
color and may be due in part to presence of microscopic organisms, algae, 
Crenothrix, etc. These are in suspension; therefore, the importance of deter- 
mining suspended albuminoid ammonia. In potable surface waters, albu- 
minoid ammonia should not exceed 0.3 p.p.m., although waters may safely 
contain more. Pure ground water contains very little albuminoid ammonia, 
and those containing 0.15 p.p.m. or more are usually condemned. 

N as free ammonia is a result of decomposition of organic nitrogen and 
usually indicates roughly the amount of comparatively recently decomposed 
material. More than 0.15 p.p.m. must be regarded with suspicion. Free 
^mmonia in deep wells is often of fossil origin and has little sanitary 
significance. 
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' Nitrites are an, indication that either oxidation of organic nitrogen or 
decomposition of nitrates is taking place. Their presence in any considerable 
amount in drinking water must always be regarded with suspicion, although 
deep well waters of great purity often contain nitrites. 

Nitrates are a measure of completely mineralized nitrogen and when present 
in considerable amounts are usually indicative of past contamination. 



Alkalinity is a measure of the carbonates, bicarbonates, and hydroxides, 
and occasionally the borates, silicates, and phosphates present. 

Total hardness by soap is a measure of the soap-consuming power of the 
^ater expressed in terms of CaCOs. It is a measure of the Ca and Mg 
salts present and includes both alkalinity and mineral-acid which^ 

is dine to presence of chlorides, sulphates, and nitrates. It may be 
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determined most accurately by calculation (Ca X 2.497 + Mg. X 4.115); 
also roughly by the soap method. Mineral-acid hardness is often called 
permanent hardness or incrustants; it is not removed by boiling. 

Chlorine is found in all natural waters. Its source may be salt deposits in 
the soil. Chlorine is carried inland from the sea by the air currents and preci- 
pitated with the rain. Where the normal chlorine is known, determination of 
chlorine is of great sanitary significance. An excess, in absence of salt deposits, 
is a sure indication of present or past pollution. A chlorine map has been 
prepared for the Eastern portion of the United States (see Fig. 247). In local- 
ities where salt deposits affect the water, determination of normal chlorine is 
impracticable. 

Total residue is a measure of the matters dissolved and suspended in the water. 

Poisonous Metals, Service pipes and metal vessels in contact with water 
often dissolve readily. This is usually due to the presence of oxygen assisted 
by carbon dioxide and by the absence of mineral constituents which would 
retard the action. Poisoning by copper, zinc, and load, most frequently 
by the latter metal, is likely to occur. A water containing as low as 0.5 p.p.m. 
of lead has caused lead poisoning,* and even smaller amounts of any of these 
metals have been known to endanger health when taken regularly. 

Hydrogen’-ion Comxutration: an expression of the intensity factor of acid 
or alkaline properties as opposed to the quantity factors, acidity and 
“ alkalinity. Usually expressed in terms of pH value, which is equivalent 
to the negative logarithm of the number of mols of ionized hydrogen per L. 
For water analysis the pH value may be determined by comparison with indi- 
cators whose colors in solution are characteristic of the hydrogen-ion concen- 
tration in solution, t 

Micro-organisms, according to custom, include all organisms which are 
microscopic or partly ^risible to the eye, except the bacteria mentioned else- 
where. Microscopic organisms do not reciuire culture media and may be 
examined with an ordinary microscoi)e using 10 X 1 ocular and 16 mm. 
objective. Detailed methods for identifying and enumerating organisms 
are given in the following: Whipple, ^'Microscopy of Drinking Water, 1920; 
Am. Pub. Health Assn., “Standard Methods,'^ 1925; “Aquatic Microscopy,’^ 
Stokes, 1918; “The Yeasts,” (juilliermond-Tanner, 1919; “Iron Bacteria,” 
Ellis, 1923; “Fresh Water Biology,” by Ward and Whipide, 1918; and “Micro- 
biology,” by Marshall, 1912. In brief, tests consist in concentrating 500 
c.c. or less of the water by filtration through sand; suspending the sand in 
5 c.c. of water, 1 c.c. of which is placed in a special counting cell 
1 mm. deep; and examining under the optical combination men- 
tioned, equipped with an eyepiece micrometer so graduated that it covers 1 
sq. micron of the cell on the stage of the microscope. For field work Bunker 
has devised a sling filter and a simpler circular cell. Usually 10 or 20 squares 
are counted. Masses of zooglea and amorphous material, also the organisms 
themselves, are counted as standard units by most observers. One standard 
unit == 400 sq. microns; 1 micron (p) = 0.001 mm. The sand used is washed 
and screened between 60- and 100-mesh sieves. If possible, observations 

Also called “Plumbism.” 

t See “Standard Methods,” A. P. H. A. 1925; also Clark “ Determination of Hydrogen-ion CoA* 
oentration,” (Williams and WilkinH, 1924). Colorimetric standards may be purchased in setSt with 
directions for use, from dealers in laboratory supplies. 



should be made immediately after collection, as many microscopic organisms, 
especially colonial forms, are so fra^e that they disintegrate rapidly. 

Plankton (from the Greek word xXor^Kros, meaning ‘Hhat which wanders'^) 
is determined by filtering a large volume of water in a Plankton net or filter, 
weighing or measuring the residue. Results are expressed as ‘milligrams per 
L. Plankton includes all suspended organisms, including bacteria. For 
methods and classification, ' see ‘‘General Bacteriology,^^ Jordan, 1925; 
“Water Supplies,” Savage, 1906; “Elements of Water Bacteriology,” Prescott 
and Winslow, 1924; “Untersuchung des Wassers,” Ohlmullcr-Spitta, 1910, 
“Fresh Water Biology” Whipple-Ward (Wiley, 1918), and other treatises. 

Fungi and Molds. Fungi are flowerless plants without chlorophyl or 
starch. They are either saprophytic or parasitic. Some authorities class 
bacteria among fungi, thus relating them to mushrooms. Fungi consist of 
a vegetative portion called mycelium, which forms the ground work of common 
mold or mildew; and the fruit, which is borne at the ends of the branching 
filaments and consists of spore cells, sometimes highly colored. Well-known 
molds are Mucor, Penicillium, and Aspergillus. In investigations of water 
supplies, the most important fungi are Crenothrix and other so-called iron 
bacteria,* which grow abundantly in waters containing iron and manganese. 
These organisms have the power of precipitating iron or manganese upon the 
exterior of their filaments, forming a sheath of oxide. Bometimes the growth 
of these fungi and the precipitation of iron or manganese is so great as to 
clog completely services and small mains, and either abandonment or defer- 
rization of the supply may be necessary. Dying iron bacteria decompose, 
give off disagreeable odors, and may impart bad tastes to the water. 

Bacteriological examinationf for certain unicellular forms is important. 
Certain of these bacteria are normal inhabitants of all surface waters and 
some ground waters. Some ba(;teria are entirely harriiiless, some very harm- 
ful, and some indicative of possible presence of harmful forms. Each species 
has both its natural and its accidental habitat. Any examination of water 
does not reveal all the bacteria present; methods for this have not been dis- 
covered, but the number growing under standard conditions is an index of the 
amount of pollution or contamination and sometimes of the quantity of food 
material available for their growth. Under normal (conditions a well water 
should contain fewer than a surface water, and surface water with sewage con- 
tamination should show increased numbers. Fluctuations in heights of 
streams and general weather conditions have a marked effect upon numbers of 
bacteria in surface waters. 

Of far greater importance, however, than mere numbers is the detection 
of pertain organisms known to accomxmny fecal pollution. Many normal 
water bacteria are unable to grow at 37°C., while almost all fecal organisms 
grow at this temperature. Unfortunately, many harmless soil bacteria are 
able to grow at 37®C. (98°F .) . According to Savage ,® 

Water only at 37®C. (98°F.) showed 3 baccteria per c.c. 

Water only at 21°C. (70®F.) showed 76 bacteria per c.c. 

Water + soil at 37®C. showed 1630 bacteria, per c.c. . 

Water -j- soil at 2J*C. showed 1970 bacteria per c.c. 

. . * See ‘Uron EUUi;(%thuon. Co., Ltd., 19^^^ 

If* w. A., Vol. 9, 1922, p. 502. 
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In 1003, Boston sewage tested at M. 1. T 33 Sanitary Research Station sl^pwed 
5,430,000 bacteria per c.c. when grown on gelatin at 20°C.; 3,760,000 per 
c.c. when grown on agar at 37°G. In the latter case, 1,670,000 were acid 
foripers.* 

Bacteria are valuable indicators of the present condition of any water. 
The total number is of value in making routine tests from a single source, 
though liable to insignificant variations. Ordinary procedure enumerates 
only a part of the bacteria piesent. The proportion enumerated is variable. 
Of much more value is the determination of the members of the group of bac- 
teria, of which Bact. coli is the type. Presence of these indicate pollution 
and possible jiresence of pathogenic bacteria, such as B. typhosUs and B. para- 
typhosus, A search for B. enter iditis or Welchii^ is often of value. 

Numbers of bacteria are determined by mixing I c.c. of san\ple of water 
diluted if necessary with 10 c.c. of Std. melted gelatine or agar on culture 
plates (Petri dishes) and counting the colonies appearing on the solidified 
medium after proper incubation. Dilutions must be made with sterile water. 
Samples must be well shaken before dilution or iilating. Place 1 c.c. of water 
in Petri dish, add 10 c.c. of media, mix, solidify culture, and incubate. Dilu- 
tions should be planned to have from 30 to 300 colonies on plates for counting. 
Gelatin plates are incubated for 48 hr. at 20°C. ; agar plates for 24 hr. at 37.5°C. 
Counting should be made by using a lens of 2 diam. magnification, 3.5X, 
with a focal distance of 3.5 in. (engraver’s lens). 

Species Work. Determination of the bacterial flora in water or sewage 
is not usually worth the labor involved, and in most cases gives no better 
idea of sanitary condition than tests for Bact, coli. For methods and classifi- 
cation, see “General Bacteriology,” Jordan, 1925; “Bacteriological Examina- 
tion of Water Supplies,” Savage, Blakiston, 1906; “IClemcnts of Water 
Bacteriology,” Prescofft and Winslow, 1924; “Untersuchung des Wassers,” 
Ohlmiiller-Spitta, 1910; and other treatises. 

Bacteria coli are normal inhabitants of human and animal intestines. 
Their presence in water usually indicates human or animal pollution. Hous- 
ton2i (London, 1902-1903) found from 100 to 1,000,000 Bact. coli per g. in feces 
from 17 normal persons The Bact. coli group covers a number of forms or 
types, but for sanitary jHirposes is defined as those non-spore-forming bacteria 
which ferment lactose with gas formation and grow aerobically on standard 
solid media. 

The formation of 10 per cent, or more of gas in a standard fermentation 
tube within 24 hr. at 37°C. is presumptive evidence of the Bact. coli group. 
The appearance of aerobic lactose-splitting colonies on Endo- or eosin- 
methylene-blue plates made from the tube giving positive presumptive test 
constitutes a partially confirmed test. The confirmed test consists in showing 
that one or more of the aerobic-plate colonies consist of non-spore-forming 
bacteria which when sown into a fermentation tube will form gas. Results 
are reported as presumptive, ^partially confirmed, or confirmed. 

Bact. coli Index, \^en possible use “ Positive,” Negative,” or Pos.” or 

“Neg.” or (+) and ( — ); when no test is made, fill the space with dots ( ), 

not a dash, which might be taken for a minus sign. A zero might be taken for 

^ Most acid fomero are members of the Bact. coli group. 
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either "'negative” or "no test,” BacL coli index is approximate number of 
B(wl, coli per c.c., as determined from qualitative tests upon different quanti- 
ties of water. For any individual sample, it may be taken as the reciprocal of 
the smallest volume of water used in the test which gave a positive result. 
Bact coli index for a single sample is not very accurate. The index becomes 
more and more precise as the square root of the number of tests becomes larger. 
Bact. coli index may be computed from a scries of results as follows: Write 
down, in order of magnitude of quantities of water examined, the percentages 
of positive tests, expressed as decimals of 100. Take the differences between 
these percentages. Multiply each difference by the l eciprocal of the quantity 
corresponding to the larger of the two pcr(^entages from which such difference 
was taken. The sum of these products will be the Bart, coli index. 

Hale’s Method. Dr. F. E. Hale* uses the following method for enumerat- 
ing Bact. coli: SoW six fermentation tubes witli })ortions of sample as follows, 
1, 10 c.c.; 2, 5 c.c. and 3, 1 c.c. Estimate number of Bact. coli as shown 
below. The method is useful for surveys of watei* s()urces. 


Tube 

No. 

Volume 

teste<l, 

c.c. 

Hc.sulls <if U’st.s 

1 

10 

-f 4- -I' 4- 

4 . 

4 

2 

5 

4 4 d- 

4 

4 

3 

5 

- - 4- 4 

1 

4 

4 

1 

- - ~ 4 

4 

+ 

5 

1 


4 

4 

f) 

1 

— — — — 

— 

+ 

Bact. coli in 10 c.c. 

i 5 10 30 

70 

100 


Sewage Streptococci arc frequently isolated from polluted sources. Their 
presence may assist in locating source of polliition.^b , 

Standards of Quality. A sound judgment in regard to the sanitary quality 
of a water supply should be based on consideration of the facts brought out 
by a careful sanitary inspection as well as on analytir*.al data. But for admin- 
istrative purposes, a standard is almost essential, f 

The “ U. S. Treasury Department Standard.” In 1914 the U. S. Public 
Health Service formulated a standard for the control of water served by 
common carriers in interstate commerce.^ This standard was adopted by 
many municipal and state departments of health. The standard has been 
modified at various times and in 1922^0 three (committees were appennted by 
the Surgeon General of the U. S. Public Health Service to develop a more 
satisfactory standard. The committee on bacteriological examination has 
adopted the following standard: 

A. Definitions: 

1. Index organism: Bact. coli group, as determined in accordance 
with Standard Methods of the A. P. H. A., current edition, by 
inoculation in lactose broth fermentation tube, transplant to 
endo- or eosin-methylene-blue agar plate and inoculation in 
secondary lactose broth fermentation tube. . 

♦ Director, Mt. Prospect Laboratoigr, New York Dept, of Water Supply. 

tThia standard should serve as a guide rather than to define definite limits, and shotild notbS 
loUowad too slavie^ly. 
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2. Standard portion of water: 10 c.c. 

3. Standard sample of water: 5 standard portions of 10 c.c. each. 

B. Limits of permissible density of Bact. coli group: not more than 10 

per cent, of all the 10-c.c. standard portions examined shall show the 

presence of organisms of the Bad, Qoli group. 

1. When the number of standard samples collected is over 20, not 

more than 5 per cent, of all the samples shall show three or 
more positiye tests out of five 10-c.c. portions comprised in 
any single sample. 

2. When the number of standard samples collected is less than 20, 

not more than one sample shall show three or more positive 
tests out of the five 10-c.c. portions. 

British Opinion. In tlie autumn of 1914 a committee of 13 leading bac- 
teriologists and sanitarians appointed in March, 1914, by the Royal Institute 
of Public Health of Great Britain, reported: 

The committee do not think it is practicable to lay down any fixed standards 
to govern all cases. Speaking generally, too much stress should not be laid on the 
number of microbes present in a water, unless the B. coli tests yield confirmatory 
results. A good water should not contain any B. coli in 100 c.c., but a water 
containing B. coli in 100 c.c. should not necessarily bo objected to without the 
examination of further samples. Experience has shown that even initially impure 
waters may be purified fit a reasonable cost, so as to yield no B. coli in 100 c.c. in 
the majority (al)out 75 ffcr cent.) of samples examined. It is much more difficult 
to suggest a stfindard by which a water should be condemned. All that the com- 
mittee feel justified in stating is that the further a water departs from the al)ove 
standard of purity (no ‘^lactose, -f indol, -f B. coW in 100 c.c.) the greater is 
the suspicion attaching to it, unless the local conditions and circumstances are 
such as to exclude undesirable |)oIIution. 

Examples. The following typical analyses illustrate far better than any 
set rules the meaning of analytical results. 


Table 177. Comparative Analyses of Wholesome and Polluted Waters 
Parts per Million 


Source of sample 

Massa- 

chusetts 

mountain 

spring 

(unpol- 

luted) 

Unpolluted 
ground 
water; wells 
and filter 
gallery 

City 

supply; 

surface 

Sewage 

cfiluent 

Polluted 

well 

/ Cold, 20® C 

Hot, 90® C 

Turbidity — silica standard 

00 0 
00.0 

1. 

00. 

0.39 

0.000 

0.006 

00.0 

00.0 

00.0 

Vegetable 

00.0 

Musty 

9. 

10. 

2.23 

0.430 

•5.64 

00.0 

2 Vegetable 
2, 

1. 

1.02 

0.092 

0.074 

Color — platinum standard 

Oxygen consumed 

20. 

14. 

2.3 

0.013 

0.097 

0.015 

0.072 

0.000 

0.031 

2.8 

f Free ammonia 

1 ( Total 

Nitrogen 1 Albuminoid j Suspended . 
as ] ammonia [ Dissolved 

0.045 

0.054 

. 1 Nitrites 

Chlorine 

Alkalinity 

0.000 

0.000 

3.00 

11.0 

14.3 

o.ooi 1 

0.246 

7.2 

0.214 

8.87 

42.2 

0.005 

36.0 

142.5 

24.0 

117.0 

Hardness by soap method 

Iron Fe 

48.0 

0.46 

95.7 

Negative 

Negative 

ii.6 


Total residue on evaporation 

Bact. coli in 10 O.C 

Bact, coli—presumptive test 

32.0 

Negative 

Negative 

30.9 

Negative 

Negative 

296.0. 

Positive 

Positive 

936.0 

Positive 

Positive 


* Total organic nitrogen. 
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Table 178. Death Rates from Typhoid Fever in Large American Cities 

Per 100,000 Population®® 


1916- 1911- .19Q6- 
1920 1915 1910 


New England States: 

Fall River 

0.0 

Hartford 

0.0 

Worcester 

0.5 

Springfield 

1.3 


Boston 

Providence 

Bridgeport 

Cambridge 


New Bedford 

New Haven 

Middle Atlantic States: 

Trenton 

Rochester 

Syracuse 


Syracuse 

Philadelphia . 
Jersey City. . 


Jersey City 

Newark 

Yonkers 

Buffalo 

Scranton 

New York 

Paterson 

Pittsburgh 

Reading 

Camden 

Albany 

South Atlantic States: 

Richmond 

Baltimore 

Norfolk, Va 

Washington 

Wilmington 

Atlanta 

East North Central States: 

Akron 

Milwaukee 

Cleveland 

Chicago 

Dayton 

Cincinnati 

Detroit 

Grand Rapids. . 

Columbus 

Indianapolis 

Toledo 

Youngstown. . . 

East South Central States: 

Louisville 

Birmingham 

Nashville 

Memphis 

West J^orth Central States 

Omaha 

St. Paul 

Minneapolis 

Des Moines 

Kansas City, Mo. 

St. Louis ’. . . . 

Kansas Ci^, Kan. . . 
West South Central States 

Fort Worth 

Houston, Tex 

San Antonio 

Dallas 

New Orleans 

Mountain and Pacific States : 

Oakland 

Spokane 

San Francisco 

Seattle 

Tacoma 

Los Angeles 

Denver 

Portland, Ore 

Salt Lake City 
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Govermnent Examinaiioti of Drinking Water on Railroad Trains. In 

Dull. 100 of Hygienic Laboratory of U. S. Public Health Service, Treasury 
Department, Richard H. Creel (November, 1914) pays particular attention 
to the ‘‘bile presumptive test for colon bacillus.’* He deals especially with 
anaerobic bacilli, found in water of train coolers, which complicate ordinary 
so-called coli tests. 

The difference between the actual BacL coli percentage in |the 1000 samples 
examined and that which would have resulted had the laetctee. bile presumptive 
test been used is as follows, the comparison applying only to tubes containing water 
in 10 c.c amounts: 


Number of 
samples 

Gas 

B. coli 

Anaerobes 

Actual 

B coll, 
per cent 

Bile presumptive test, 
B. coli, 
per cent 


421 

91 

330 

9 1 

22 1 


The margin of error is greater in relatively pure water 1 ban in water of moderate 
pollution. 

Estimated according to the different trains, the comparison is as follows: 


• 

Actual 

B colt, 
per cent 
con- 
firmed 

PercentaKe of 
B coll accord- 
ing to lactose 
bile presump- 
tive test 

Number of 
samples 

Train 301, Pennsylvania Railroad (sleeping cars). 

4 7 

25 0 

151 

Train 84, Seaboard 

0 3 

17 5 

59 

Train 305, Pennsylvania Railroad (sleeping cars). 

3 4 

20 0 

125 

Train 305, Pennsylvania Railroad (coaches) 

5 3 

16 0 

57 

Train 82. Atlantic Coast Line (coaches) 

32 0 

54 0 

50 

Train 82, Atlantic Coast Line (sleeping cars) 

14 0 

17.0 

144 


It will be noted that there is a wide divergence lietween the real and the pre- 
sumptive percentage when the water is fairly pure, but that in moderately polluted 
water, as that from Train 82, there is less discrepancy. In the latter class of 
water the approximation of the two figures seems to be due to the inhibiting effect 
of lactose bile on the Boot, coli. From the foregoing results the “presumptive 
test^^ for Boot, coli does not seem applicable for analyzing water of moderate pollu- 
tion, as its employment would often result in condemning a water of acceptable 
standard of purity. 

STANDARD METHODS 

(Abridged outline of methods based upon Standard Methods for the Examina- 
tion of Water and Sewage, Am. Public Health Assn., Laboratory Section, 1925.) 

Collection of Samples.* Samples should be collected under clean and 
aseptic conditions and examined as soon as possible. Allowable time between 
collection and analysis varies; reasonable maximal limits are as follows: 

Physical and Chemical Analysis: Ground waters, 72 hr.; fairly pure 
surface waters, 48 hr,; polluted surface waters, 12 hr.; sewage effluents, 
6 hr.; raw sewage, 6 hr. Chemical samples, sterilized by addition of some 
germicide like chloroform (1 c.c. per L.) may, with impunity, stand a little 

♦Seep. 736. J 
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longer before analysis. Dissolved gases should be determined in situ. Care 
should be taken to collect representative samples. 

Bacteriological Examination. Samples kept at less than 10®C., 6 hr. 

Microscopical Examination. Ground waters, 72 hr.; fairly pure surface 
waters, 24 hr. ; waters containing fragile organisms, immediately. 

Expression of Results. Results of chemical analysis are expressed as 
parts per million (p.p.m.) . This really means milligrams per L. In some older 
laboratories the results are often expressed either as grains per gal. (U. S. and 
imp.), or as parts per 100,000. 


Table 179. Conversion: Grains per Gal. to Parts per Million 



Grains per 

U. S. 

Grains per 
Inm, 

«al. 

Parts per 
100,000 

Parts per 
1,000,000 

1 gr. per U. S. gal 

1.000 

1.20 

1.71 

17.1 

1 gr. per Imp. gal 

0.835 

1.00 

1 . 43 

14.3 

1 part per 100,000 

0.585 

0.70 

i 1.00 

10.0 

1 part per 1,000,000 

0.058 

0.07 i 

0.10 j 

1.0 


PHYSICAL AND CHEMICAL EXAMINATION 

Turbidity (due to suspended matter) is measured by cornpafing with a 
standard suspension of silica (diatomaceous earth) of such a state of fineness 
that a water which contains 100 mg. per L. silica is one in which the vanishing 
point of a 1-mm. platinum wire is 100 mm. below surface of water with eye 
of observer 1.2 m. above wire. Turbidity of this water is fixed at 100. For 
standards sift dry, precipitated Pear’s Fuller’s earth through 200-mesh 
sieve. Suspended 1 g. in 1 L. H2O for stock solution; turbidity equals 1000. 
Test a portion diluted to 100 with wire, as above. , Turbidity may also be 
determined by means of U. S. Geological Survey turbidity rod of 1002, pro- 
vided with the platinum wire mentioned above. Lower rod vertically into the 
water as far as the wire can be seen ; read the turbidity on the graduated rod 
at surface. Make observations in oj^n air in quiet water, under natural 
conditions and in the shade. 

Turbidity Coefficient. Optical determinations of turbidity (see above) are 
naturally compared with gravimetric determinations of suspended matter. 
Equal weights of suspended matter do not necessarily produce same turbidity; 
e.gf., silt or sand produce less than finely divided clay. Therefore, the ratio 
between silica turbidity determined optically and suspended matter deter- 
mined gravimetrically is important as an index of the character of the 
suspended matter. Turbidity Coefficient = Suspended Matter -J- Silica Tur- 
bidity. It varies with different waters, generally increasing with the size of 
the particles composing the suspended matter.-*^ 

Color is determined by comparison with standard platinum-cobalt solution. 
True color is that due to substances in true or in colloidal solution; apparent 
color includes that produced by suspended matter. Dissolve 1.245 g. 
K2PtCl6 (0.5g. Pt) and 1 grin. C0CI2, 6H2O (0.25 g. Co) in water with 100 
c,c. cone. HCl. Make up to 1 L. This solution has a color value of 500. 
Dilute and compare sample in tubes by reflected light. 
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Odor, Observe odor both at 20 and at 90®C. Symbols used to describe 

m — moldy 
M — musty 
d — disagreeable 
p — peaty 
s — sweetish 


Express degree of odor by the following numerals : 


Numerical 

value 

Term 

Approximate definition 

0 

None 

No odor perceptible. 

1 

Very faint 

An odor that would not be detected ordinarily by 
the average consumer, but that could be de- 
tected in the laboratory by an experienced 
observer. 

2 

Faint 

An odor that the consumer might detect if his 
attention were called to it, but that would not 
attract attention otlierwise. 

3 

Distinct 

An odor that would be detected readily and that 
might cause the water to be regarded with 
disfavor. 

4 

Decided 

An odor that would force itself upon the atten- 
tion and that might make the water unpala- 
table. 

5 

Very strong 

An odor of such intensity that the water would be 

1 absolutely unfit to drink. (A term to be used 

1 only in extreme cases.) 


odors are as follows: 

V — vegetable 
a — aromatic 
g— grassy 
f — fishy 
e — earthy 


Oxygen Consinned. KMn 04,0.4 g.per L.; 1 c.c. == 0.1 mg. 0. (NH4)Ox,* 

0.888 g. per. L. : 1 c.c. = 0.1 mg. O. To 100 c.c. water (if much contami- 
nated dilute smaller portion) in boiling flask add 10 c.c. C. P. 112804(1:3), heat 
in water bath 5 min.; add 10 c.c. KMn04 solution and heat 30 min. in water 
bath; remove from bath; add 10 c.c. (NIl4)Ox, then KMnOi till faint perma- 
nent pink. Each c.c. KMnOi used in excess is ocjui valent to 1 p.p.m. O. 

Nitrogen as Free Ammonia. Standard N 11401 solution; 1 c.c. equals 0.01 
mg. N (0.0382 g. NH4CI in 1 L.). Nessler’s reagent: dissolve 50 g. KI in 
water; add sat. IlgClj solution until a slight pi)t. persists; add 400 c.c. of ONf 
clarified KOH; settle and decant. Distil 500 c.c. of sample (with 0.5 g. 
Na2C03, if sample be acid); collect first three 50-c.c. portions of distillate in 
Nessler tubes; add 2 c.c. Nessler reagent to each tube; allow to stand 10 min. 
or more; compare with dilutions of standard NH4('l or with .permanent 
standards (see Standard Methods t). NII4CI standard should be made up 
with ammonia-free water. Where free ammonia is very high it may be 
determined directly, first clarifying the sample by addition of 10 per cent, 
solutions of either CuS()4, PbAc,§ or MgCl2, followed by sufficient 50 per cent. 
KOH to ppt. the metal as hydrate. 

Nitrogen as Albtiminoid Ammonia. Alkaline permanganate: 8 g. KMn04 
and 400 c.c. of 9N, clarified KOH |1 to 1 L. Boil off ammonia and make up to 
volume. Make blank determination and correct for ammonia remaining in 

* Ox « Oxalic acid or oxalate. 

t See foot-note, p. 596. 

t Standard Methods of Water Analysis, Amfitican Public Health Assn. 

f Ac n acetic acid or acetate. 

KTaOTT niav iiAorl 
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reagent. After free ammonia is distilled from water, add 40 c.c. alkaline 
permanganate and distil until free of ammonia. Four or five 50-c.c. portions 
should be collected. Nesslerize and compare with standards. 

Nitrogen as Nitrites, Sulphanilic acid solution; dissolve 8 g. purest acid 
in 1 L. 5N* acetid acid (sp. gr. 1.041). 

a-Napthylamine solution: dissolve 5 g. in 1 L. 5N acetic acid; filter through 
washed absorbent cotton. 

Standard nitrite solution (NaN02): dilute strong solution (0.492 g. Na- 
NO2 per L.) 5 c.c. to 1000 parts of water (1 c.c. = 0.0000005 g. nitrogen). 

To 100 c.c. of sample in Nessler jars add 1 c.c. of each reagent; mix; allow 
to stand 15 min. and compare with standards similarly treated. 

Nitrogen as Nitrates. Phenolsulphonic acid solution: dissolve 25 g. phenol 
in 150 c.c. (276 g.) C. P. H.2SO4; add 75 c.c. fuming ll.SO , ; stir and heat 2 hr. at 
± 100®C. Standard KNO3; 7.2 mg. per L., 1 c.c. = 0.001 mg. N. Prepare by 
evaporating 10 c.c. of strong solution (0.722 g. KNO3 per liter) to dryness; 
treat with reagent and make up to 1 L. Evaporate 20 c.c. or less of the 
decolorized sample almost to dryness on the water bath; add 1 c.c. of acid to 
residue; mix well; add water and either KOH or ammonia until alkaline. 
Compare with standards similarly treated. If chlorides interfere, ppt. 
with Ag2S04 and filter. 

Hardness. Standard aoap solution: dissolve 100 g. dry white Castile 
soap in 1 L. 80 per cent, alcohol and allow to stand several days. From this 
solution take such quantity that the resulting solution made by diluting stock 
solution with 70 per cent, alcohol will give a permanent (5-min.) lather when 
6.40 c.c. of it are properly added to 20 c.c. of standard CaCh (use 75 to 100 c.c, 
stock solution). 

Standard CaCh: dissolve 0.2 g. pure CaCOs (calcite) in a little dilute 
HCI; then add H2O, and evaporate to dryness several times to expel acid. 
Make up to 1 L. with H2O — 1 c.c. equivalent to 0.2 mg. CaCOa. 

Put 50 c.c. of sample in a 250-c.c. bottle; add standard soap solution slowly 
until complete lather persists over surface of water 5 min. after shaking. If 
water be hard, take smaller portions and dilute to 50 c.c. with distilled HaO. 
Estimate hardness by means of following table : 


Table IBO. Hardness: Parts per Million of Calcium Carbonate (CaCOa) for 
Each Tenth of a Cubic Centimeter of Soap Solution When 50 C.c. of the 

Sample are Used 


C.o. of 8oap> 
solution 

0.0 

c.c. 

0.1 

c.c. 

0.2 

c.c. 

0.3 

c.c. 

0.4 
■ c.c. 

0.5 

c.c. 

0.0 

c.c. 

0.7 

c.c. 

0.8 

c.c. 

0.9 

c.c. 

IRVflHHIi 









1.6 

3.2 

1.0 

4.8 

6.3 

7.9 

9,5 

11.1 

12.7 

14.3 


16.9 

18.2 

2.0 

19.5 


22.1 

23.4 

24.7 


27.3 

28.6 

29.9 

31.2 

3.0 

32.5 

33.8 

35.1 

36.4 

37.7 

39.0 



42.9 

44.3 

4.0 

45.7 

47.1 

48.6 

jiTlMIB 

51.4 

52.9 

54.3 

55.7 

67.1 

58.6 

6.0 

60,0 

61.4 

62.9 

64.3 

65.7 

67.1 



71.4 

729 

aid......* 

74,3 

75.7 

77.1 

78.6 


81.4 

82,9 

84.3 

86.7 


7.0 

88.6 

00.0 

91.4 





98.6 




W^as adjfeetive, • five times notncial strength ; ^ « Jr normldtt$ie»atlk; 
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Table 181. Conversion Table of Hardness 



Parts per 
million 

Clark 

degrees 

French 

degrees 

Qerman 

degrees 

Parts per million 

1.0 



0.056 

Clark degrees 

14.3 


1.43 

0.80 

French degrees 

10.0 


1.00 

0.56 

German degrees 

17.8 

1.24 

1.78 

1.00 


Hardness is expressed according to several arbitrary scales. Other 
methods for testing hardness are described in connection with water softening 

(pp. 680, 681): 

Chloride. Standard AgNOs solution, 2.40 g. to 1 L. — 1 c.c. equivalent 
to 0.5 mg. Cl, as chlorides in the water. 

Standard NaCl solution, 16.48 g. per L. — 1 c.c. equivalent to 1 mg. CL 

K2Cr04 indicator, 50 g. per L. Dissolve salt in a little water; add enough 
AgNOa solution to produce precipitate; filter, and make up to 1 L. with distilled 
water. 

Al2(OH)6 for decolorizing: prepaie by electrolyzing ammonia-free water 
using A1 electrodes, or by precipitating 125 g. alum, dissolved in 1 L. of water, 
with ammonia; wash precipitate formed until free from Cl, NHs, and NO2. 

To 50 c.c. of sample in white porcelain evaporating dish, add standard 
AgNOa solution, using 2 c.c. of K2Cr04 as indicator, until red tint of Ag2Cr04 
apjxjars. If chlorine be high, use less than 50 c.c. and dilute to volume; if low, 
evaporate 250 c.c. or more to volume or add a known quantity of standard 
NaCl solution and titrate as directed. If color be above 30, add Al2(OH)6, 
heat, and filter; if acid, neutralize with* soda. 

Iron may occur in water both in dissolved and suspended form in ferrous 
(unoxidized) and ferric t(oxidized) condition. Total iron is determined as fol- 
lows: Standard iron solution: 0.7 g. Fe(NH4)2 (804)2, 6H2O in 50 c.c. H2O; add 
20 c.c. dilute H2SO4, warm slightly, oxidize with KMn04, and dilute to 1 
L. — 1 c.c. equivalent to 0.1, mg. Fe. KSCN solution, 2 g. to 100 c.c. Cone. 
HCl free from iron. 

Evaporate 100 c.c. of water to dryness; carefully ignite to destroy excess of 
organic matter; cool, add 5 c.c. cone. HCl; warm, add 10 c.c. H2O and warm 
again. Transfer to 100 c.c. Nessler tube; filter if necessary and add a drop or 
two of sat. KMn04 solution. To cool solution add 10 c.c. of KSCN solution 
and make up to 100 c.c. To a blank tube containing reagent add standard 
iron solution until color matches that of sample. Compute amount of iron 
present from number of c.c. of standard solution used. 

For determination of iron in different degrees of oxidation, use Standard 
Methods. 

Samples containing small quantities of iron should be concentrated. Sam- 
ples containing large quantities of iron should be treated with HNOs, and if 
necessary, KMn04; then the iron should be precipitated with ammonia, col- * 
lected on a filter, redissolved, and determined as above. 

Manganese. Standard KMnOit dissolve 0.288 g. KMnOi in 1 L. H2O. 

1 c.c. equivalent to 0.1 mg. Mn. HNO3 (sp. gr. 1.1135) freed from oxides of 
nitrogen by bubbling through.it. Sodium bismuthate, purest obtainable, 
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Dissolve residue in 10 c.c. dilute HNOa plus 1 c.c. cone. H2SO4, heat to drive 
off most of H2SO4. Cool: take up with 50 c.c. H2O and 20 c.c. dil. HNO*. 
Add O.lOg. sodium bismuthate, stir, settle; filter through Alundum crucible, 
wash with 5 per cent. HNO3, and compare with standards containing known 
amounts of standard KMn04. The KM11O4 used for oxygen consumed 
method contains 0.139 g. Mn per L. Samples containing more than 10 mg. 
Mn per L. should be tested by Knorres' persulfate method (see Standard 
Methods). 

Residue on Evaporation. Weigh platinum dish; evaporate to dryness 
100 c.c. or more of sample; dry at 104°C. and wcigli. (jaiii in weight is total 
residue in volume of water tested. Same procedure with filtered samples 
determines dissolved residue. Difference in weights of residues before and 
after ignition gives ^^loss on ignition. Final weight after ignition is that of 
“fixed residue.'’ 

N* 

Acidity. Titrate 100 c.c. of sample with ^ Na^’CCs, using erythrosine or 

methyl red. jVTethyl orange is unsuitable in preseiu^e of free aluminum sul- 
phate. Express results in terms of CaCOs. 

N* 

Carbon Dioxide. Standard NaOH. 1 c.c. = 1 mg. CO 2 . Dissolve 

0.91 g. NaOH in 1 Vj. CO 2 free water. Preserve in resistant glass bottles. 
Titrate rapidly 100 c.c. of sample, using phenol])htluilein as an indicator. Use 

N 

a Nessler tube and stir gently. Each c.c. NaOH X 10 = 1 p.p.m. free 

CO 2 . When water is acid to phenolphthalein, then: 

Bicarbonate = 1.22 times the alkalinity. 

Carbonic acid as bicarbonate = 0.88 times the alkalinity. 

Half -bound carbonic acid = 0.44 times the alkalinity. 

Carbonate = 1.22 times the alkalinity with phenolphthalein. 


Table 182. ^ Relation between Alkalinity by Phenolphthalein and that by Erythro- 
sine in Presence of Bicarbonates, Carbonates and Hydrates 


1 Bicarbonates 

Carbonates j 

Hydrates 

P = 0 

E 

0 


0 

• P<iE 

E-2P 

2P 


0 

P = iE 

0 

2P 


0 

P>iE 

0 

to 

s 

1 


2P-E 

P=E 

0 

0 


E 


E «= Erythrosine alkalinity. F « Phenolphthalein alkalinity. 


Carbonic acid (CO 2 ) as _ f O.SS times the alkalinity with erythrosine or 
bicarbonate \ methyl red. 

Bound carbonic acid, as CO 2 = 0.44 times the alkalinity with erythrosine or 

methyl red. 

, , . . , bicarbonate carbonic acid 

Half-bound carbonic acid = ^ — 

Bound carbonic acid, asCO^ = J (carbonic acid as carbonate) 

•j^ee footnote, p. 696. 
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Dissolved Oxygen — Winkler^s method,®* Rideal-Stewart modification. 
MnS04, 48 g. to 100 c.c. water. 

KI + NaOH, 50 g. NaOH and 15 g. KI to 100 c.c. water. 

Cone. H 2 SO 4 , sp. gr. 1.84. 

Thiosulfate solution, 6.2 g. NaoSaO;, to 1 L. water. (f^)“‘lc.c. 

solution = 0.2 mg. 0 (or 0.1395 c.c. at 0°C. and 760 mm. pressure). 

KMnOj, 6.32 g. to 1 L. 

K 2 OX, 10 g. to 1 L. 

Starch ~ 1 per cent, solution sterilized. 

Table 183. Solubility of Oxygen in Fresh Water and in Sea Water of Stated 
Degrees of Salinity at Various Temperatures When Exposed to an Atmos- 
phere Containing 20.9 Per Cent, of Oxygen and Under a Pressure of 

760 Mm.* 

Calculated by G. C. Whipple and M. C. Whipple from Measurements of C. J. Fox 


Tempera- 


Chlorine in sea water (parts per million) 


Difference 
per 100 parts 
of chlorine 
per million 

ture, centi- 
grade 

0 

5000 

10,000 

1,5,000 

20,000 

0 

14.62 

13.79 

Milligram 

12.97 

s per liter 
12.14 

U.32 

0.0165 

1 

14.23 

13.41 

12.61 

11.82 

11.03 

0.0160 

2 

• 13.84 

13.05 

12.28 

11.52 

10.76 

0.0154 

3 

13.48 

12.72 

11.98 

11.24 

10.50 

0.0149 

4 

13.13 

12.41 

11.69 

10.97 

10.25 

0.0144 

5 

12.80 

12,09 

11.39 

10.70 

10.01 

0.0140 

6 

12.48 

11.79 

11.12 

10.45 

9.78 

0.0135 

7 

12.17 

11.51 

10.85 

10.21 

9.57 

0.0130 

8 

11.87 

11.24 

10.61 

9.98 

9.36 

0.0125 

9 

11.59 

10.97 

10.36 

9.76 

9.17 

0.0121 

10 

11.33 

10.73 

10.13 

9.55 

8,98 

0.0118 

11 

11.08 

*10.49 

9.92 

9.35 

8.80 

0.0114 

12 

10.83 

10.28 

9.72 

9.17 

8.62 

0.0110 

13 

10.00 

10.05 

9.52 

8.98 

8.46 

0.0107 

14 

10.37 

9.85 

9.32 

8.80 

8.30 

0.0104 

15 

10.15 

9.65 

9.14 

8.63 

8.14 

0.0100 

16 

9.95 

9.46 

8.96 

8.47 

7.99 

0.0098 

17 

9.74 

9.26 

8.78 

8.30 

7.84 

0,0095 

18 

9.54 

9.07 

8.62 

8.15 

7.70 

0.0092 

19 

9.35 

8.89 

8.45 

8.00 

7.56 

0.0089 

20 

9.17 

8.73 

8.30 

7.86 

7.42 

0.0088 

21 

8.99 

8.57 

8.14 

7.71 

7.28 

0.0086 

22 

8.83 

8.42 

7.99 

7.57 

7.14 

0.0085 

23 

8.68 

8.27 

7.85 

7.43 

7.00 

0.0083 

24 

8.53 

8.12 

7.71 

7.30 

6.87 

0.0083 

25 

8.38 

7.96 

7.56 

7,15 

6.74 

0.0082 

26.. 

8.22 

7.81 

7.42 

7.02 

6.61 

0.0080 

27 

8.07 

7.67 

7.28 

6.88 

6.49 

0.0079 

28 

7.92 

7.53 

7.14 

6.75 

6.37 

0.0078 

29 

7.77 

7.39 

7.00 

6.62 

6.25 

0.0076 

30 

7.63 

7.25 

6,86 

6.49 

6.13 

0.0076 


♦ Under any other barometric pressure, B, the eolubility can be obtained from the correspond- 
ing value in the table by the formula: 

^ jj B' «= solubility at B mm, <= B' in. 

S' - ^^2¥.92 S *= solubility at 760 mm. = 29.92 in. 
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Collect sample in 250 c.c. calibrated, stoppered bottles withmit exposure to 
or absorption of atmospheric air. Take temperature. Add by pipettes reach- 
ing below surface, 0.7 c.c. acid and 0.1 c.c. permanganate sol. Destroy excess 
with K2OX add 1 c.c. of MnS04 and 3 c.c. KI + NaOH solution. Stopper 
bottle, shake, and allow ppt. to settle. Remove stopper,* add 1 c.c. H2SO4; 
replace stopper and dissolve ppt. by shaking. Remove contents to flask and 
titrate with thiosulfate using starch as an indicator. 


Oxygen, p.p.m. 


Oxygen, c.c. per L. 


Oxygen, per cent, saturation 


200N 

~ y- 

130 .^ 

V 

20,000iV 

vd 


where N = c.c. thiosulphate solution. 

V 1= capacity of bottle in c.c. less volume of reagents (4 to 5 c.c.). 

0 = p.p.m. of 0 in water saturated at same temperature and pressure 
(Table 183). 

Free chlorine in waters, treated in excess, may be detected by KI and starch 
solution in the sample acidified with H2SO4. For quantitative estimation, 
ortho-tolidine method is used (Ellms and Hauser, J. Ind, Erig. C7im.,Vol. 
5,No.ll,1913). 

Ortho-tolidine solution; Dissolve 1 g.* in 1 L. water containing 100 c.c. 
cone. HCl. Add 1 c.c, of test solution to 100 c.c. of water and compare color 
with that produced in standard solutions containing known amounts of chlor- 

• . N . 

ine. Standardize chlorine solution against thio-sulfate solution. Use 


redistilled water for diluting standards and compare rapidly. Permanent 
* standards of CUSO4 + K^’CrsO; may be used. Test ‘will detect 0.005 p.p.m. 
freed 

Standard Bacteriological Media. Standard media may be purchased in 
dry form ready for dilution and sterilization. The constituents for preparing 
the principal media are as follows: 


Nutrient Broth. Throe grams beef extra(;t and 5 g. peptone to 1 L. 

SiLgar Broths. Nutrient broth -f 0.5 per cent, of required carbohydrate, 
(lactose, dextrose etc.). 

Nutrient Gelatine. Three grams beef extract, 5 g. peptone and 100 g. gelatin 
dried at 105°C. before weighing. 

Nutrient Agar. Like gelatin with 12 g. agar in place of 100 g. gelatin. 

Litmus Solution. Two per cent, solution of reagent litmus. 

Azo-litmin Solution. One per cent, solution of Kahlbaurn's azo-litmin. 
Azo4itmin Agar. Ten grams peptone, 2 g. K2HPO4, and 15 g. agar to 1 L. 
Store in flasks or bottles. Sterilize just before using, melt, and add to each 100 c.c, 
5 c.c. of 20 per cent.’ lactose solution, 2 c.c. of 0.5 per cent, methelene blue solution. 
Pour medium into Petri dishes for use. 

Endo Medium. Ten grams peptone, 30 g. of agar (dried) to 1 L. Store in 
fla^s. Sterilize. Prepare 10 per cent, solution of basic fuchsin in 96 per cent; 
H^^hol; settle, decant, and filter it. When ready, melt 100 c.c. of stock agar. 
♦ I^l^e aalt may be obtained Eastinan K 
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Dissolve 1 g.^ C.P. lactose in 15 c.c. of water and 0.25 NaaSOs in 10 c#c* of 
water. Add 0.6 c.c. of fuchsin solution to tfie Na 2 SOj solution; add the mixture 
to the lactose solution and tl^en add the combination to the melted agar. Pour 
plates and harden . • ' 

Sterilization of media is complete after 10 min. in an autoclave under 15 lb. 
pressure (120®C.). 

CHARACTERISTICS OF CLASSES OF WATER 

Meteoric Water. All water derived directly from the atmosphere is called 
meteoric water, whether in the form of dew, rain, snow, sleet, or hail. Water 
evaporated from fresh-water lakes and condensed on high mountains is except 
.tionally pure, but rain and snow collected in towns is more or less polluted with 
the washings of air and roofs, especially during the beginnings of storms. 
Examples of rain and snow water arc given in Table 207 (p. 622) (samples 
69 to 75). 

Chlorine in Rain Water. Along the coast, rain water contains small 
amounts of sodium chloride borne from the sea, the amount varying with the 
distance from the sea and the direction of the air currents. See chlorine map, 
Fig. 247, p. 586. 

Oases in Rain Water. For solubilities of atmospheric gases in water see 
p. 583, and any chemists handbook, e.g.y ^‘The Chemists Year Book,^' ^Wan 
Nostrand’s Chemical Annual,” “Die Chemiker Kalender.” 

Rain water contains traces of the omnipresent ammonia and nitrates, and 
occasionally traces of nitrites. The amount of nitrogen as free ammonia 
varies between 0.2 and 5.0 p.p.m., and as nitrate from 0.2 to 2 p.p.m. (Table 
207, p. 622). Rain water contains ozone (O 3 ). This is not a purifying agent, 
per se. The so-called ozone process of water purification (see p. 665) depends 
upon the production of, traces of hydrogen peroxide (H202).^^ Angus Smith 
found 35 p.p.m. of sulphuric acid in rain water in Liverpool, 50 parts in Man- 
chester, 430 parts in Newcastle, and 20 parts in London. In the vicinity of 
smelters and chemical works, rain water may contain hydrochloric, nitric, 
and other acids, nitrous oxide, carbon monoxide, and oxides of zinc, lead, 
copper, and other metals. 

Ground Water.* The meteoric water which sinks into the ground and 
flows seaward along more or less impenetrable strata is called ground water — 
subdivided for convenience into spring, shallow-well, deep- well, and artesian 
water. 

Appearance. Meteoric water falling upon the earth and passing through 
thick enough layers of proper soil loses its suspended matter and becomes clear. 
An exception is found where fine particles of clay are borne with the water 
through the relatively large pores of water-bearing soil or the fissures and 
seams in the rock. Waters which become turbid directly after rains are 
usually polluted from surface sources. Some waters which are clear when 
drawn become turbid on standing, due to the precipitation of iron, manganese, 
calcium, and magnesium carbonates, etc., generally following the escape of ■ 
the gases which hold these substances in solution. Ground waters are usuallj^ 
coMesSy but not always so. The deep well waters of the Mississippi delta K 

:* See also Cbap. 4. v:; 
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often have a color of 1400 and waters from near peat deposits are also colored. 
The color is due to humus bodies of obscure composition (humic acid and 
ulmic acid). These are frequently associated with iron and manganese (iron 
humate, etc.). 

Odor. Most ground waters have little or no odor. Some, however, are 
impregnated with hydrogen sulpliidc, methane or sulphur dioxide and possess 
the characteristic odors of these gases. Polluted wells may have a musty 
or disagreeable odor, while ground waters from marshy sources often give off 
the characteristic odor of peat, especially when heated. 

Tastes of ground waters are usually imparted by dissolved gases and min- 
erals. The agreeable taste of carbonic acid and the disagreeable taste of 
hydrogen sulphide arc well known; waters containing iron or manganese are- 
characterized by a styptic or ^^inky’’ taste; the hardness of water is often 
apparent to the taste, especially when large amounts of magnesium are pres- 
ent. Some waters contain so much sodium chloride that it can be tasted. 
The minimum amount of sodium chloride which can be so detected ranges, 
according to various observers, from 200 to 300 p.p.m. Pew observers can 
detect 200 p.p.m. or less of sodium chloride, even when dissolved in distilled 
water. 

Teviperaiure* One valuable property of ground waters is the sniall animal 
range in temperature. The tempcirature of shallow-well waters is I’arely over 
20®C., and rarely lower than 6°C. Waters from greater depths are practi- 
cally constant in temperature. E. A. MartePs states; “A constancy of tem- 
perature exists only in the continuous flows from sand and similar material 
or artesian supplies from great depths, slowly and regularly maintained.^^ 
Ground waters are cooler than surface waters in summer and are, therefore, 
more agreeable to drink; in winter, ground waters are warmer than surface 
waters and are less liable to cause freezing of services. *. 

Organic inaUer in the soil and that passing through it with the ground water 
are of two main kinds, carbonaceous and nitrogenous. Theoretically, these 
may become oxidized to CO 2 , CII4, and H 2 . These end products are rarely 
reached in nature as the result of decomposition of organic matter in. the soil. 
Carbonaceous matter comprises the cellulose, lignin, and chemically similar 
bodies; the nitrogenous matter comprises the albumins, the waste of animal 
life, and proteids. Carbonaceous matter may be oxidized to carbon dioxide, 
and the nitrogenous matter may be oxidized to nitrates. RideaP2 divides 
nitrogenous decomposition into three periods: first, the formation of poly- 
peptides from proteids, a period of which sewage is a typical example; second, 
the production of arnino-acids; last, the conversion into ammonium com- 
ix)unds, which are oxidized into nitrites and nitrates. Organic matter and 
the bacteria .which decompose it, are most abundant in the surface layer of 
the soil, where also there is the largest amount of available oxygen. 

The circulation of nitrogen from the organic to the mineral state is known 
as nitrification, and is brought about by the nitrifying bacteria (discovered 
by Winogradsky). These bacteria change ammoniacal nitrogen to nitrites 
and nitrates. Nitrates are readily taken up by green plants through the 
constructive power of chlorophyll. When the living matter again breaks 

520^1^25^ rcRftrdiag temperatures for industrial use are given in Water Supply & Irrigation 
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down, free ammonia and nitrates and nitrites are formed as before. This 
cycle is illustrated in Fig. 24^ devised by Fowler's (1911), which illustrates 
the transformations of nitrogen in nature in a never-ending cycle, through the 
vitalized and mineralized stages in turn. Certain bacteria, called denitrify- 
ing, reduce nitrates with the .production of nitrites. Some bacteria, iri turn, 
reduce nitrites to ammonia and ammonia to nitrogen, thus reversing the 
.ordinary course of the nitrogen (iycle. 

Dissolved Gases. Carbon dioxide, which results from decomposition of 
organic matter, is the gas of first importance in ground waters, which contain 
little or no oxygen. Meteoric waters contain little carbon dioxide but are 
nearly saturated with oxygen. As meteoric water passers into the soil, its oxy- 
gen is used to decompose organic matter contained in the soil and water. Fre- 



quently deep wells contain extraordinary amounts of nitrogen in the form of 
free ammonia, particularly where there are fossil, animal, or vegetable deposits 
in the water-bearing strata. Bartow'^ reports several cases illustrating this 
phenomenon. Such waters from sources of unciucstioiied purity, may con- 
tain even more than 2.0 j).p.m. of nitrogen as free ammonia. 

Effect of Carbon Dioxide. IVoduction and absorption of CO 2 greatly 
increase the solvent action of water. lime, magnesia, iron, manganese, and 
other elements are rendered soluble, while the silicates and other minerals 
^re decomposed, setting free the soluble elements composing them. Ground 
waters, therefore, contain more substances in solution but less in suspension , 
than do surface waters. Humic or other organic acids may exert a similar 
effect on the soil. If dissolved oxygen be absent from the ground water, 
sulfates may be reduced to sulfides and hydrogen sulfide set free.' Simi- 
larly, nitrogenous organic matter is reduced, with the production of ammonia 
and nitrogen. 

Bacteria in Ground Water.* Numbers of bacteria in soil and in ground 
water decrease rapidly with depth. Kabrehl' ® found several million bacteria' 

* Public Health Reports, E. N, i?.. Sept. 13, 1923, p. 425, ' * ; 
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per g. in surface samples of woodland soil, a few thousands 0.5 m. Below the 
surface, and usually only hundreds per c.c. in .samples collected from depths 
greater than 1 m. Many organisms in ground water grow slowly and there- 
fore do not appear after short periods of incubation, thus giving rise to the 
erroneous belief that ground waters from considerable depths are invariably 
bacteria free. S. C. Prescott^a examined 147 shallow farm yard wells and 
found that 124 contained no BacL coli and were therefore probably free from* 
fecal pollution. These samples averaged 190 bacteria per c.c., while the 23 
samples which gave positive tests for Bmi. coli aveiagc‘d 570 per c.c. Distri- 
bution of the two series of samples according to tlie number of bacteria pres- 
ent is indicated in Table 184. 


Table 184. Bacteria in Shallow Farmyard Wells 

Porcentagfi of Samples in Each (Iroup^a 


Bacteria per c.c. 

0 

1-10 

11-20 

21-50 

51-100 

101-500 

501-1000 

1001-2000 

2001-3000 

Series I. Bact. coli absent . . 


10 

14 

10 


31 

5 

4 


Series II. Bact. coli present. 


.... 

5 


10 

57 

H) 

14 

5 


The following table gives a summary showing the i*elative purity of water 
collected from wells of various depths by the Illinois State Water Survey* ^ 
during 1910. 

^ Table 186. Relative Purity of Illinois Well Waters from Various Depths 



Depth, ft. 

Under 25 | 25 to 50 | 51 to 100 

Over 100 1 

Unknown j Total 

Number Examined . 
Number Condemned 
Per cent. Condemned 

H 

201 

137 

65 + 

90 

46 

51 + 

205 

43 

20 + 

67 

35 

52 + 

711 

379 

53 + 


Kellerman and Whittaker* * report similar results for HkalUm wells used as 
farm water supplies. Egger*^ examined 60 wells in Mainz and found 
that 17 of them contained over 200 bacteria per c.c. Maschek (1887) found 36 
wells out of 48 examined in Leitmcritz which had a bacterial content of over 
500 per c.c. Fischerzo reported 120 wells in Kiel wliich gave over 500 bacteria 
per c.c. and only 51 with less. 

Deep well waters contain very few bacteria. Houston^* found that 
the number of bacteria in the waters from a series of deep wells of high quality 
at Tunbridge Wells, England, varied from 1 to 36 per c.c. Prescott^a found in 
the water of 15 driven wells in the vicinity of Boston, examined in 1903, an 
average of 18 colonies per c.c. at the end of 48-hr. incubation. Prescott, and 
Winslow^a found the following numbers of bacteria in certain wells and springs 
from various sources : 


Table 186. Bacteria in Deep Well and Spring Waters 


Town 

Bacteria 
per c.c. 

Town 

Bacteria 
per 0 . 0 . 

Worcester, Mass. 

10 

Saranac Lake, N. Y 

Hjjjjn^ 

Waltham, Mass. * • • 

3 

Ellemnlle, N. Y 


Newport, R. I. . . . . . . . . 

; 7 

1 Hyde Park, Mass.. 

BS 
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Tanner and Bartow** found the variations in the bacteriological conteilt 
of water from some deep wells as shown in the following table. 


Lof at um Depth (feet) — - 

Agar 37° Gelatin 20° 

Jol'iot 282 9 56 

Champaiga ** ® 

otS “ “ » 

* iS 

wZEU , ?“ ; “ 

Lexington I " 

Fairbury n o 

Dwight 0 2 

Dwight lif, ‘i 

Red Bird ^ ^0 


Backria Coh in Ground Wakr^. Bact. coU are found in polluted ground 
waters. Bart, coh may occasionally be found in ground waters of good 
quality, provided large enough volumes be tested. The bacteria abound at 
the ground surface and a very few may penetrate to great depths. Therefore 
it is the riiimbcr lound in a ground water, as in a surface water, rather than 
their mere presence, which is of sauii ary importance. 

Massachusetts State Board of Health (Iteport 1901) examined samples 
from 99 springs and found Bart, call in six. All weie liable to pollution. 
The same investigation shoA\ed that bottled spring waters v(*r(‘ subject to 
contamination during bottling, Bact. coli being found in se\en samples where 
none were found in the corresjiondmg sam])les from the springs. Clark and 
Gage** found Bad. coli jn ino out of 170 samples from tube and shallow wells 
of good construction, Houston (R(f. 21) comiiares the moie or less polluted 
shallow wells of Ghichester with the excellent deej) ground waters from Tun- 
bridge Wells. Table ISS^e bhow^s the value of 1-c.c. sam])les in differentiating 
betwTcn good and bad waters. Fromme*^ shows i elation between numbers of 

Table 188. Distribution of Bact. Coli in Good and Bad Well Waters 

Houston, 1903"® 

Percentage of Positive Tests; 1 C c Portions 


Quantity of water 

Chicheiter, shallow wells 

Tunbridge Wells, deep wells 

100 c c. 

90 

25 

10 c.c. 

80 

6 

1 c.c. 

45 

0 

0 1 c c. 

1 20 

0 


bacteria and Bact. coh as found liy examining 120 samples from wells near 
Hamburg (Table 1S9). Certain exceptional waters from the vicinity of 

Table 189. Relation between Total Numbers of Bacteria and Bact. Coli 


Colony count 


Number of samples 


Per cent, positive; B. coli tests 
in 10 c.o. 


Over 200 
50-200 
Under 60 


35 

19 

66 


40.0 
16.8 
3 0 
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peaty deposits, such as exist on Cape Cod, Long Island, and elsewhere, contain 
bacteria showing most of the Boot coli reactions. Such waters should not 
be judged by the presumptive test for Bact, coli alone. 

Mineral Content of Ground Water.^s According to Tiemann and Gart- 
ner, 35 the substances dissolved in normal ground waters of North Germany 
lie, as a rule, within the following limits, which limits exclude strongly impreg- 


nated mineral w^aters : 

Substance Parts per Million 

Total residue on evaporation Less than 500 

Calcium and magnesium (Ca -|- Mg) Less than 150 

Chlorine (Cl) Less than 30 

Sulfates (SO 4 ) Less than 120 

Nitrogen as nitrates Less than 5 

Nitrogen as nitrites Less than 0.01 

Nitrogen as free aininonia L(^ss than 1 

Oxygen consumed (O) Less than 2 . 5 


Most of the acids and l)ases present in natural wat(*rs arc in the combined 
state. Reichardt^s states tlie composition of ground waters from various 
geological formations in a table whi(*h has been fiequently republished. 

For a bibliographical review^ of all literature concerning the mineral 
analyses of American ground waters, sec Reports of U, S. Geological Survey ^ 
Water Supply Papers 120, 1 03, 427, 489. 

Sources of Pollution, Wells and springs may become polluted by surface 
drainage (see p. 029), entering either through a fissure or through poorly con- 
structed casings, curbs, or cover (see p. 630). Infiltration galleries in coarse 
material arc liable to contamination during flood times. 

Surface waters from streams, rivers, ponds, and lakes, the most generally 
available sources, are especially liable to pollution, ttind for this reason are 
rarely suital)lc for domestic use without purification, either by storage (natural 
or artificial), chemical treatment, filtration, or disinfection. Analyses of 
various surface waters given in Table 207 (samples 1 to 68) (p. 620) show bet- 
ter than a description their varying characters. They differ greatly in sus- 
pended matter, including microscopic organisms and bacteria. They have 
temperatures largely dependent upon climate and season and a varying gase- 
ous content which, in the case of pure winters, is characterized by low CO 2 and 
high 0 and N. Certain waters may be supersaturated \vith oxygen produced 
by active growth of alga;. Otlier characteristics of surface water are the gen- 
erally higher amounts of nitrogenous and carbonaceous organic matter, as 
shown by higher ^4oss on ignition, “albuminoid ammonia,^' color, and “oxy- 
gen consumed. Some ground waters which contain humus matter exhibit 
these characteristics. Surface waters contain less dissolved mineral matter 
(Si, Ca, Mg, Na, and K) and practically no dissolved iron or manganese except 
that which is in combination with the organic coloring matter. 

Dissolved Gases in Typical Waters. Gases expelled by boiling five typical 
waters were determined by Sir E. Frankland, with results given in Table 190. 
They included rain water and water from a deep well in the chalk deposit, as 
well as from three surface sources. The high CO2 content in the Thames and 

/'Grundlagon aur Bejrteilung des Trinkwaesers,” E. Reichardt (Halle, 1S80). 
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chalk well waters is due to oxidation of organic matter. The values given 
include not only’ the free C 02 ,- but that in the form of bicarbonates, which also 
is driven off by boiling. Threshes found 99.16 per cent, of N, and 0.84 per 
cent, of CO 2 in gases evolved from Buxton thermal spring, in England. 


Table .190. Gases Expelled by Boiling Typical Waters, c.c. per L. 

(Frank land) 


Kind of gas 

Rain 

water 

Cumberland 

mountain 

water 

Loch Katrine 
water 

Thames 

water 

Deep chalk 
well water 

Nitrogen 

13.08 

14.24 

17.31 

13.25 

19.44 

Oxygen 

6.37 

7.26 

7.04 

5.88 

0.28 

Carbonic acid 

1.28 

2.81 

1 . 13 

40.21 

55.20 


20.73 

24.31 

1 25.48 

59.34 

74.92 


Organic Matter in Surface Water, Suspended organic matter includes 
that organized as microscopic plants and animals, the former including 
the bacteria. These are true plants although some of them possess the power 
of locomotion. It also includes wastes of plant and animal life and organic 
matter discharged with sewage from factories and towns. Growth of organ- 
isms in surftice water is dependent upon food and light. Nitrates and carbon 
dioxide form the ideal plant food and give rise to abundant growths of algae. 
Bacteria which feed upon or peptonize the suspended matter, and bacteria 
which mineralize the dissolved organic matter, with the alga% furnish food for 
growths of Protozoa; tliesc, in turn, form part of the food for grow^ths of 
Hydrac and Rotifera, all of which are consumed by fish. Oysters and darns 
also feed upon diatoms and other microscjopic organic matter, living and dead; 
and the abuudan(;e of the higher plant life sup[)orted indirectly by the organic 
matter contained in the water in which it grows is well known. Often the only 
apparent result of increased organic pollution of a body of w^ater is a corre- 
sponding increase in fish, oysters, clams, etc., for example, Illinois River®^ 
and Genesee River .3® 

Fecal waste from the higher animal forms decomposes into substances 
which, in the presence of oxygen, pass through the nitrogen cycle shown in 
Fig. 248 (p. 603). Some organic matter present in a water is removed in the 
form of the adult insects whose larvie live in the water, for example, Chirono- 
mas. Solid masses of organic sludge from the bottoms of streams become 
gradually liquefied by anaerobic bacteria. These sludge masses also serve as 
food for a variety of worms and larva% but only in the presence of oxygen. 
Liciuefied sludge forms part of the food for bacteria and other organisms. 
There exists, therefore, in many streams containing undecomposed organic 
matter, a continuous cycle of changes, resulting ultimately in biological equili- 
brium and, if no new food material be forthcoming, in rapid decadence of 
organic life and mineralization of the dead organic matter. In other words, 
growth of organisms, including bacteria, plays the most important r6le in 
self-purification of streams. 

Much organic matter in surface waters is in the colloidal state (see p. 651). 
This matter slowly coagulates and subsides. For example, the coloring 
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matter in the higlily colored Dismal Swamp water precipitates on standing, 
although the water apparently contains no suspended matter when first 
drawn. 

For names and descriptions of genera of organisms, as well as their frer 
quency of occurrence, their relation to the chemical constituents of the water 
and to sizes and depths of reservoirs, see Whipple's Microscopy of Drinking 
Water" (Wiley, 1914); also Ward and Whipple, ^^Fresh Water Biology" 
(Wiley, 1918). Frequency of occurrence ol the various groups m 
Massachusetts waters is summarized numerically in Table 191. Ten genera 


Table 191. Frequency of Occurrence of Groups of Organisms in Massachusetts 

Surface Waters*®^ 


ClasHificatioii 

Isiumbci of gdipi.i 

C ornmonlv 
found 111 
large 
imiiibeis 

Octasion- 
ally found 
in laiRP 
nunibi 18 

C f)innionlv 
found m 
bln all 
nunibc ra 

C)c t aaion- 
ally 

observed 

Total 

Diatomaceao . 

5 

4 

4 

22 

35 

Chlorophycese. . 

3 

8 

1 1 

21 

46 

Cyanopliycea?. , 

4 

3 

1 

8 

16 

Fungi and Schizom\( ( tos 

1 

3 

3 

5 

12 

Protozoa i 

5 

5 

11 

24 

45 

Rotifera 

0 

0 

5 


17 

Crustacea i 

0 

0 

3 

4 

7 

Miscellaneous 1 

0 

0 

0 

10 

! 

Total . . 1 

IS 1 

23 1 

41 

lOG 

188 


are especially tioublesome in Massachusetts, nam(*ly Asteiionella, Anabsena, 
Clathrocystis, Ca4osi)lneiium, Aplianizomenon, Dinobiyon, IViidiniuin, Syn- 
ura, Uroglena, and Glenodmium. 

Whipplc^of made a statistical study of (>0 lake-* and lestuvoirs in New 
England* and classified them accoiding to (hen tn(/( t of fnqucncif, calculated 
as follows: 

It was assumed that when oiganisms w(‘io less than 500 i)er c c they would 
cause no trouble; between 500 and 1000 pei c c , little trouble; between 1000 and 
2000, noticeable trouble; between 20(K) and 3000, decided trouble, and that above 
3000, trouble would be serious. Fiom analyses the per cents of the time when 
organisms were present within these limits were ascertained. These were then 
weighted as follows and added together: For numbers between 500 and 1000, one- 
half the per cent ; for numbers bet\Neen 1000 and 2000, the per cent, as computed; 
for numbers between 2000 and 3000, twice the per cent ; and for numbers above 
3000, three times the per cent. The above was based on organisms of all kinds 
disregarding genera. An index of 50 would mean that organisms were noticeable 
half the time, or that if they were present for less than half the time they were more 
troublesome during the time when they were present. 

The maximum index of frequency possible by this method of computation 
is 300. Natural waters rarely have an index of more than 100. Best stored 
waters have an index less than 10 (see Table 192). 

In Northeastern New Jerseysi the numbers of organisms in reservoirs bear 
close relation to their storage ratios, as shown in Table 193. 

* For other parts of the U. B no reports of regular exammationB are published. 
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Table 192. Lakes Classified According to Index of Frequency of Organisms 

Whipple^o*> 



Group I 

Group 11 

Group III 

Numbers of lakes and reservoirs in the group . . . 

28 

18 

20 

Limits of frequency index 

0-25 

25-60 

60-100 

Average index of frequency 

12 

39 

78 

Organisms per c.c., mean yearly average 

302 

776 

1410 

Organisms per c.c., minimum yearly average. 

54 

441 

984 

Organisms per c.c., maximum yearly average. . 
Organisms per c.c., mean average for 4 summer 

1413 

2800 

3090 

months ... . 

Organisms per c.c., minimum average for 4 sum- 

414 

1023 

■ 1965 

mer months . . . 

Organisms per c.c., maximum average for 4 sum- 

GO 

227 

985 

mer months 

1058 

4588 

7659 


Group I OrKainsins of ton as high as 1000 por <• c Group II Orgamsins only occasionally 
as high as 1000 per c c Gioup III Oiganisms ordinarily betwten 100 and 500 per c c 


Table 193. Showing Relation between Storage Ratio and Microbrganismq 
of Various Reservoirs in the Wanaque and Pequannock 
Catchment Areas, Respectively 
f Weston) 51 


Tio(i\ of WUt(M 

Cat( hnic tit 
HI < a, 

scpitii (' 
imlcs 

Capiicitv, 

ing 

Yearly 

inflow, 

n\K 

Storage 

ratio 

Micro- 
organisms 
standard 
units, c c 

Sterling Lake 

Greenwood Lake 

Canistear Reservoir 

Clinton Reservoir 
Pequannock, 'Total 

Oak Ridge Reservoir 

P>ho Lake .... 

Forge Pond • 

5 1 

27 1 
5.0 

10 5 

03 7 

27 3 

4 0 

H 7 

3,580 

1 1,079 
2,407 
3,518 
11,808 
3,982 
012 
7.5 

2,360 

11,351 

2,025 

4,935 

29,890 

12,800 

2,155 

7,090 

1 52 

1 24 

0 92 

0 71 

0 39 

0 31 

0 28 

0 11 

93 

186 

366 

558 

518 

569 

579 

052 


Table 194. AlgaB in Connecticut Water Supplies^oa 


City 

Lake or reservoir 

Index of 
frequency 

Bridgeport . . . 

Island Brook Supply 

83 

New Haven 

Dawson Lake 

79 

Meriden 

Merimer Lake 

74 

New Britain 

Shuttle Meadow Lake 

55 

Middletown 

Laurel Brook Reservoir 

45 

Bridgeport 

Pequonnock River Supply 

40 

Hartford 

Reservoir No. 6 

29 

Norwich 

Fairview Reservoir 

22 

New Haven 

Whitney Lake 

21 

Hartford 

Reservoir No. 1 

18 

Bridgeport 

Mill River Supply 

18 

Hartford 

Reservoir No. 3 

12 

New Haven 

Wintergreen Lake 

12 

New Haven 

Saltonstall Lake 

0 

Hartford 

Reservoir No. 2 

0 

Hartford 

Reservoir No. 6 

0 

New London 

Lake Konomoc 

0 
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Bacteria in Surface Waters. Most rivers in inhabited regions contain 
several hundreds or thousands of bacteria per c.c., dependent upon the 
degree of pollution. Furthermore, these numbers fluctuate rapidly, especially 
during storms and floods. Table 195 illustrates these seasonable variations. 


Table 196. Seasonal Variations in Bacterial Content of River Waters. Bac- 


teria per c.c. Monthly Average^! 


River 

Year 

1 Jan. 

Feb. 

iMar. 

April 

May 

June 

Thames* 

190(5-6 

2,075 

1,678 

1,161 

277 

1,064 

382 

Lea* 

1905-6 

5,192 

3,083 

1,308 

471 

1,350 

598 

New* 

1!)05 6 

1,455 

1,304 

291 

149 

352 

198 

Mississippi t 

1900-01 

972 

2,871 

1,795 

3, 507 

2,152 

2,007 

Potomac t 

1906-7 

4,400 

1,000 

11,. 500 

3,700 

750 

2,300 

Merrimac |1 

1905 

14,200 

14,800 

10,300 

3,600 

1,900 

9,600 

Susquehanna § 

1906 

9,510 

21,228 

31,326 

:{0,005 

6,187 

. 2,903 









Riv(T 

1 Y ear 

1 July 

1 A UK. 

1 Sept. 

1 on,. 

j Nov. j 

Dec. 


1905-6 

952 



1,633 

740 

1^{\* 

1905-6 

1,190 




3,9'46 

2,050 

* 

1905 6 

450 




718 

621 

Mississippi t 

1900 01 

1,832 

805 

— 

— — 


2,021 

Potomac t 

1906 7 

2,700 

3,000 

6,200 

2,300 

1,800 

6,900 

IVfprri TYifl (• II 

1905 

3,900 

19,500 

13,500 

39 800 

8,700 


Susquehanna § 

. 1906 

685 

1,637 

836 

7,575 

26,224 

37,525 


* Houaton, 19()0«, 100(y>. 
t New Orleans, lOOli. 

t FiRurc?s obtainod through < )urtcsy of F. F. Lon^loy. 
II Masaachusotts, 

§ Harrisburg, 1907. 


In warm weather and during periods of low flow, putrefaction is likely to 
occur in river water, greatly changing its bacterial content. This condition 
is accompanied by loss of oxygen, sometimes to its entire disappearance 
and the destruction of fish life, and may indirectly cause an increase in bac- 
teria. Temperature itself has but slight influence upon the numbers of 
bacteria found, although growths of antagonistic microscopic organisms are 
most frequent during the warmer months. 

Discharge of sewage affects the number of bacteria markedly. Bacteria 
in the Niagara River vary between 10,000 and 300,000 per c.c., and average 
25,000 per c.c., dependent upon the degree of sewage contamination.^! 
According to Miquel,^^ there are in the Seine River above Paris 300 bacteria 
per c.c. and below Paris (Clichy) 200,000 per c.c. Koch43 found in the 
Spree 82,000 bacteria per c.c. above Koepenick and 10,000,000 per c.c. at 
Charlottenburg some miles below. Schlatte^^ found in the Limmat 1000 to 
2000 bacteria per c.c. before the addition of the sewage of Wipkingen, and 
6000 thereafter. The Spree contains 2,500,000 more bacteria per c.c. 
below Berlin than above. Various disinfecting wastes, like those containing 
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acid, copper, or chlorine, cause reductions in bacterial contents and in num- 
bers of BacL coli when discharged into polluted streams like the Monongahela, 
the Naugatuck, or the Blackstone. 

Predatory Protozoa and other microscopic animals which feed on bacteria 
cause their reduction in natural streams Jg 

As in ground waters, the number, not the mere presence, of Boot coli 
is an index of the degree of pollution. Almost every river water will give 
some positive tests for Bact. coli with 100-c.c. test volumes. Table 203 by 
J. W. Ellrns, shows fluctuations in bacteria and Bad. coli and the relations 
between the bacteria in Ohio River, a muddy stream containing on the average 
135 p.p.m. of suspended matter. Table 204 gives similar results for the clearer 
but more highly colored Delaware River, containing 36 p.p.m. of suspended 

matter. 46 

Few of the colon type of bacteria grow better in warm water than in cold. 
Houston (1911)7h showed that while at 0°C. 46 per cent, of typhoid bacteria 
survive one week, only 0.07 per cent, survive at 10°C., and Ruediger^T (1911) 
has shown that Bad. coli are far more abundant in the Red Lake River during 
the ice-bound winter period than in summer. 

Lake waters contain fewer bacteria than river waters, althougli polluted 
with sewage at the shores and at the mouths of rivers. In lcS97 Weston found 
in Lake Superior near Duluth no bacteria at a depth of 100 ft., although the 
surface water, polluted by sewage from Duluth and West Superior, Wis., con- 
tained several hundred per c.c. Dr. E. Channing Stowell found the water of 
Dublin pond (N. H.) practically sterile at a depth of 40 ft., although Bad. 
coli were oc(;asionally found along the shores. Table 196 illustrates the 
variations in bacteria and Bad. coli in Crystal Lake, Wakefield, Mass., for the 
year ending Dec. 31, 1923. This is an example of a water whi(di is slightly 
polluted. In this lake, *1110 organisms growing at 37°C. numbered as follows r 
average bacteria per c.c., 251; maximum, 480; minimum, 126. The water is 
aerated and filtered before use. 


Table 196. Bacteria in Crystal Lake Water, Wakefield, Mass. 

Jan. 1 - Dec. 31, 1923 


Bact. coli 

10 c.c. tests 



Per 

Total 

No. 

cent. 

No. 

4 „ 

+ 

2 

0 

0 

1 

0 

0 

3 

0 

0 

4 

0 

0 

3 

0 

0 

4 

0 

0 

3 

0 

0 

4 

0 

0 

3 


0 

4 


0 

r> 

0 

0 

4 

0 

0 

40 

0 



6 



Month 


No. of bucteria on gelatiiio at 20'’C. 


No. 

of 

tesst 

days 

Mean 

per 

c.c. 

Median 
per 
c c. 

2 

555 

555 1 

1 

280 


3 

440 

120 

4 

600 

595 

3 

470 


4 

428 

430 

3 

370 

370 

4 

511 

465 

3 

mrnm 

520 

4 

715 

530 

5 

818 

685 

4 

40 

7,54 

715 

546 

. 478 





Variations in numbers 
No. of test days 

ioa~ 

300 

300 

1 .000 

1 .000- 
10,000 


2 


1 


3 

4 

3 

4 

3 

4 

3 

3 

4 

4 

37 















1 

1 



1 

2 

3 

92 

5 


Jan. . ‘ 

Feb 

Mar 

April 

May 

Junfj.’ 

July.; 

Aug 

Sept 

Oct 

Nov 

Dec 

Total. 

Average 

Per cent. time. 
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Lake Ontario near Toronto is an example of a polluted lake water. Results 
of examination of this water at Toronto for 1920 are given in Tables 197 
and 198. 


Table 197. Showing Fluctuation in Numbers of Bacteria and Bact. Coli per c.c. 
in Lake Ontario at Toronto Water Works, 1920 

Norman J. Howard 


Month 1920 

of hac- 

toiia pfr ( ( on 
UKil it 

A\< iHRi' no of Bact 
coll per c c 

Januarv , 

610 7 

8 32 

February 

174 2 

7 42 

March 

337 0 

11 01 

April 

3(iS S 

19 13 

May 

554 7 

36 07 

June. 

779 3 

54 34 

July 

1893 0 

6()2 09 

August 

1614 6 

2126 13 

September 

1525 2 

690 28 

October 

SS5 <) 

23 22 

November 

912 6 

96 12 

December 

59S 7 

191 33 

Mean 

830 1 

:}2? 11 


Table 198. Yearly Percentage of Samples Showing Bact. Coli in Lake Ontario 
Water at Toronto Water Works, 1912 1924 
Norman J Howard 


Year 




Cubu cintiimfirs 



0 000001 

100 

10 

1 > 

0 1 

1 0 01 

0 001 

0 0001 

0 00001 

1912 

78 8 

50 3 

IS 3 

3 2 

0 00 

0 00 

,0 00 

0 00 

0 

1913 

81 2 

54 6 

24 (> 

4 9 

0 00 

0 00 

0 00 

0 00 

0 

1914 

87 4 

61 0 

30 7 

8 6 

0 99 

0 00 

0 00 

0 00 

0 

1915 

91 4 

60 2 

31 9 

8 2 

1 60 

0 30 

0 00 

0 00 

0 

1916 

96 4 

68 7 

35 S 

10 5 

0 98 

0 00 

0 00 

0 00 

0 

1917 

92 7 

67 1 

32 2 

8 5 

2 ()0 

0 00 

0 00 

0 00 

0 

1918 

94 7 

66 2 

40 0 

15 5 

3 90 

0 66 

0 00 

0 00 

0 

1919 

98 0 

83 1 

53 0 

2S 1 

12 50 

4 00 

0 33 

0 33 

0 

1920 

90 7 

83 3 

60 1 

37 9 

18 60 

8 17 

2 94 

1 31 

0 

1921 

98 7 

93 1 

72 7 

11 S 

22 00 

9 90 

3 00 

1 00 

0 

1922 

98 7 

88 1 

65 0 

39 6 

17 2 

5 () 

1 3 

0 7 

0 

1923 

95 4 

83 2 

55 3 

29 9 

13 5 

3 3 

0 33 

0 33 

0 

1924 

93 4 

71 5 

17 S 

25 9 

10 2 

3 9 

0 33 

0 0 

0 


Suspended Mineral Matter, Most streams carry more or less suspended 
mineral matter, varying from several pounds to several tons per Mg. Quan- 
tities of suspended matter in various river waters are given in Table 207 
(samples 1 to 69) (p. 621) and Table 23 (page 63). See also ^^The Industrial 
Utility of Public Water Supplies in U. S.” by Collins, (W. S. Paper No. 496, 
1923; and '^InduBtrial Water Supplies,'' Foulk, Ohio Geol. Survey, 1925. 

Odors in surface water s"^ are due to: (1) Organic Matter Other Than Living 
Orga^nisms, Peaty, straw-like, swamp-like, or marsh-like odor, usually 
♦ See Lllms’ investigatiop of testes and odors at Cleveland, S N, R , June 16, 1921, p. 1089. 
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grouped under the term *Wcgetable/^ is caused by vegetable matter, mostly 
in solution. Wastes from paper and textile mills, bleacheries, dye houses, 
gas works, chemical works, tanneries, etc., often impart characteristic odors, 
(2) Decomposition of Organic Matter. Moldy, musty, unpleasant, disagree- 
able, or offensive odors caused by decomposition are quite readily recognized. 
Moldy odor, suggesting a cellar in which vegetables are stored, is frequently 
observed in water from old a^id badly polluted, but not necessarily infected, 
wells. Musty odor occurs in a sewage polluted water. Vegetable matter, 
unless decomposed, rarely produces anything worse than an unpleasant odor. 
The odor called disagreeable is usually from animal sources, while the odor 
termed offensive may be produced by sewage or by decomposition of Cyano- 
phycesB. (3) Living Organisms. Natural odors caused by organisms are 
produced by volatile, oily compounds secreted by the organisms, the most 
^lotable one being set free at the time the organism disintegrates. When dead 
organisms decay and suffer bacterial decomposition, odors different from the 
natural odors are produced. Those are all offensive. Cyanophycese produce 
a “pig pen” odor upon decomposition (see below under Ice). Whipple^®® 
stated that Synura “oil” may be detected in dilutions of 1.25,000,000. 


Table 199. . Number of Organisms per C.C. Required to Produce Noticeable Odor 

(Whipple) 


Organism 

Description of odor 

No. per 0 . 0 . 

^nedra 

Cyclotella 

Vegetable and earthy 

Aromatic and fishy 

WBH 

Melosira 

Earthy and vegetable 


Anabacna 

Rank vegetable 

17 

Scendesnius. . .... 

Vegetable and aromatic 

25,000 1 


The numbers of certain organisms jier c.c. recpiired to pioduce a noticeable 
odor are given in Table 199. Of 71 supplies taken from Massachusetts ponds 
and reservoirs, 45 were found to have given trouble, and 30 of these serious 
trouble, because of bad tastes or odors. Microscopic organisms are believed 
at present to be harmless. Many, however, are objectionable from an 
a 3 sthctic standiioint and are often indicative of abundant food material 
emanating from objectionable sources. Distinctive odors produced by 
certain organisms may be described by the three general terms “aromatic,” 
“grassy,” and “fishy,” as tabulated in Table 200. 

Ice is always purer than the water from which it is gathered. Window 
has shown that typhoid fever bacilli die rapidly in ice, and that ice stored for 
5 months is safe, even though it be collected from polluted sources. Table 
201 gives analyses of water and ice from a pond in Massachusetts. The 
upper ice was polluted but not from the water. The water is not safe to 
drink but the ice may be used with impunity. 

Growths of Oscillaria, Anabsena, and other organisms may become frozen 
in the ice of polluted ponds. Masses of these growths may decay and cause 
the formation of cavities within the ice containing dirty organic matter and 
gases which have a foul odor, often months after the ice is harvested. 
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Table 200. Distinctive Odors Produced by Certain Organisms^oc 


Whipple 


Group 

Organism 

Natural odor 

Aromatic odor. . 

Diatomaceffi: 



Asterionella 

Aromatic— geranium — fishy 


Cyclotella 

Faintly aromatic 


Diatoma 

Faintly aromatic 


Meridion 

Aromatic 


Tabellaria 

Protozoa: 

Aromatic 


Cryptomonas 

Candied violets 


Mallomonas 

Aroin atic — violets — fishy 

Grassy odor .... 

Cyanophyceac: 

Grassy and moldy — green-corn — nastur- 
tiums, etc. 

Anaba^na 


Rivularia 

Grassy and moldy 


Clathrocystis 

Sweet, grassy 


CoelosphaTiuin 

Sweet, grassy 


Aphanizomenon 

Grassy 

Fishy odor 

Chlorophy(;ea: 


Volvox 

Fishy 


Eudorina 

Faintly fishy 


Pandorina 

Faintly fishy 


Dictyosphai'rium 

Faintly fishy 


Protozoa: 



Uroglona 

Fishy and oily 


Synura 

Ripe cucumbers — bitter and spicy taste. 


Dinobryon 

Fishy, like rock weed 


Bursaria 

Irish moss — salt marsh — fishy 


Peridiniurn 

Fishy, like clam-shells 


Glenodinium 

Fishy 


Table 201. Analyses of Water and Ice from Game Source 


Source of ‘sample 

W' liter 

i( 

Cake 

e 

Upper 4 in. 

Date of collection 

Turbidity — silica standard 

Color — platinum standard 

Oxygen consumed 

Feb. 1922 

2 

.50 

Feb. 1922 

0 

0.0 

Feb. 1922 

Nitrogen as free ammonia 

Nitrogen as albuminoid ammonia (total) 
Nitrogen as nitrites 

0.018 

0.210 

0.002 

0 . 240 
11.4 

0.040 

0.066 

0.004 

0.030 

0.00 


Nitroj^en as nitrates 


Chlorine 


Alkalinity 


Hardness by soap metliod 

35 

0.70 

98.0 

930 

80 

Positive 

Positive 



Iron, Fe 



Residue on evaporation (total) 

Bacteria per c-c.^ 20^C 

Bacteria per c.c., 37.5®C 

Bact. coll in 1 c.c 

Bact. coli in 50 c.c 

20.0 

3 

4 

Negative 

Negative 

■ 18 

22 

Positive 

Positive 


Results except bacteria expressed in parts per million. 


Examples of variation in suspended matter, as shown by turbidity, are 
given in Tables 202 and 204. 
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Table 202. Turbidity of Ohio River at Cincinnati (1924)* 


1924 

Month 

e« 

■TS 

•4^ 

I 

d 

I*? 

s 

0^ 

M 

A 

1 

s 

IM 

Turbidity variations, (in heading) 

Number of test days, (in table) 

Suspended matter 
(gravimetric) 

o 

0 

■4^ 

o 

11 to 25 

20 to 50 

51 to 100 

101 to 250 

251 to 500 

.\bove 500 

January 

• 31 

370 

320 

0 

0 

0 

0 

9 

14 

8 

472 

February 

29 

240 

135 

0 

0 

0 

3 

19 1 

2 

5 

280 

March 

31 

245 

150 

0 

0 

0 

3 

21 

6 

1 

318 

April 

30 

255 

140 

0 

0 

0 

10 

14 

2 

4 

294 

May 

31 

150 

120 

0 

0 

0 

5 

24 

2 

0 

211 

June 

30 

375 

270 

0 

0 

0 

0 

13 

13 

4 

378 

July 

31 

405 

280 

0 

0 

0 

3 

10 

11 

7 

535 

August. ; 

31 

120 

75 

0 

5 

4 

12 

7 

1 

2 

217 

September. . . . 

29 

200 

110 

0 

1 

1 

10 

10 

5 

2 

284 

October 

31 

155 

45 

0 

9 

7 

4 

2 

7 

2 

294 

November 

30 

42 

24 

0 

17 

5 

() 

2 

0 

0 

43 

December .... 

31 

335 

180 

0 

2 

4 

1 

10 

5 

9 

273 

Totals. . . . 

365 



0 

34 

21 

57 

141 

68 

44 






_j 








Averages . . . 


240 

150t 








300 












Per cent time . | 

99.8 



0 I 

9.3 

5.7 

15.6 

:i8.o 

18.6 

12.0 



* * Compiled by Bahlrnan, Chief Bacteriologist, Ciiiciiiiiuti tiltration plant, 
t True median, not an average. 








t True median, not an average. 

Statistical forms recommended by Committee of N. 






















Table 2D6. Bacteria Recapitulation— Torresdale — Per C.C., on Agar at 37° C., after 24 Hr. 

For Year 1924 ^ 
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Table 206. Bacteria of the Bact. Coli Group in Delaware River Water — 

Torresdale 
For Year 1924 










Table 207. Water Analyses;* ChemiGal and Physical 
(Parts in 1,000,000) 

River Waters — American (Sanitary) 








Table 207. Water Analyses; Chemical and Physical. — {Contimted) 
. River Waters — American (Mineral) 




Table 207. Water Analyses; Chemical and Physical. — {ContinuLed) 
River Waters — Foreign (Mineral). — (Continued) 
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Table 207. Water Analyses; Chemical and Physical. — {Contintied) 
Lake and Reservoir Water 
a- American (Sanitary) 
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CHAPTER 26 

PROTECTION OF WATER SUPPLY SOURCES 


SURFACE WATER SUPPLIES 

Catchment areas should be kept free from pollution, and, to this end, 
rules and regulations for their protection have been promulgated by the 
various State Boards and Departments of Health. But such rules, no matter 
how stringent, are often of little avail. Inhabitants, campers, and motorists 
often show but little respect for rules, and little is gained by prosecution. 
To prosecute offenders successfully, it is necessary that the delinquent be 
identified and the offense traced directly and surely to him, with specific 
proof as to time and place, and the isolation of his particular offense from those 
of others unknown. Better results can be obtained through education and 
cooperatioq. Ownership and patrol of the entire watershed theoretically 
maihtain the purity of the water. But experience has shown that tres- 
passing occurs, and even the patrol may become careless and pollution will 
result.* The automobile has increased the difficulties. 

The protection of watersheds, while desirable in all cases, does not guaran- 
tee a safe water. Ultimate reliance for the safety of the water must be placed 
on proper purification and disinfection . * 

River Supplies. Purification of river water by filtration or otherwise 
should be supplemented by careful inspection of the catchment area, especially 
above the waterworks intake, which should be protected from all pollution or 
contamination. Storage reservoirs are always advantageous, and should be 
carefully insj)ected to minimize their pollution. Filter beds and filter sand 
should be guarded carefully to prevent accidental pollution, and all filtered 
water basins, suction wells, and pipes, should be tight to prevent contamina- 
tion by infected ground water.' Distributing reservoirs contain water about 
to be used2 and should be carefully guarded or covered. Passing trains are a 
«ource of danger, difficult to control. 

Lake and Reservoir Supplies. Long storage coupled with careful inspec- 
tion can produce a fairly safe water even from polluted sources, such as the 
Lake Cochituate, Croton, f and Thames River catchment areas. While modem 
communities are demanding water which is safer and better in appearance 
than can be obtained without filtration, inspection can accomplish much in 
reducing dangers of infection. At the Pequannock sources the city of Newark 
has established luncheon camps to lure motor picnickers away from dangerous 
stopping places. These camps are supplied with drinking water, fireplace, 
rubbish burner, and privies. 

%Bee **The Romance of Water Storage” by G. A. Johnson, J. A. W. W. A., Vol;8, 1921, 
p. 291. 

t Croton wdter has, however, for a number of years been treated with Hqtud ohloriite put Mtp, 
the aqu^ucts at a place relatively near New York City. Many engineen who have etuoiedlwiil 
water believe it should be filtered for both sanitary and physical improvement*. 

’ 625 V' 
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Lake sources should be frequently inspected and inspection supplemented 
by numerous and regular bacteriological analyses. 

Water traffic on the Great Lakes is a grave source of danger, and lake craft 
should be required to disinfect discharges from toilet rooms. This can be 
accomplished by heating with steam or by addition of disinfectants to the 
sewage before discharge. (See Metcalf and Eddy, ^^American Sewerage 
Practice,'' 1915, vol. Ill, p. 737.) 

Whether bathing^ boating, or fishing should be allowed in a reservoir should 
be determined largely by the period of storage elapsing before use. In lakes 
or reservoirs remote from the distribution system, boating and fishing may be 
permissible, but should be restricted by permits. The issuance of any permits 
presents many difficulties of administration. Bathing offers s(?rious danger 
because of the chan(5e of pollution by typhoid urine and feces, especially the 
former. So offensive is the thought of drinking water previously used for 
bathing that the practice should be prevented wherever practicable. Fishing 
and boating should be discouraged. 

Importance of Time. From a sanitary standpoint, the discharge of many 
million bacteria by one typhoid patient into a w^atcr about to be distributed 
is far more serious than tlie discharge of the sewage of a city, if the contami- 
nated water be stored for a month or two before use. This consideration 
should enter into all rules and regulations for the protection of a source of 
supply. 

Rules and Regulations. Most existing health laws are cumbersome and 
unwieldy, and throw burden of proof upon the owner of a water supply. 
Public opinion often im|)edes protective legislation. Borne legislatures, 
however, have given State Departments of Health* authority to prepare 
rules and regulations for the sanitary protection of each catchment area. 
This is a better plan than general legislation, aimed to cover all sources of 
supply. Many State Departments of Health publish a Sanitary Code, with 
chapters referring to water supply protection. 

Rules and regulations of the Board of Water Supply of the City of New 
York, duly approved by the State Department of Health, i)romulgated under 
Chap. 665 of the Laws of 1915 for protection against pollution of the waters 
of Ashokan reservoir and tributary water-courses : 

Definitions. “The City” shall mean The City of New York or its duly author- 
ized representative. “Watercourse” shall mean any natural or artificial spring, 
stream, or channel of any kind, in which water flows continually or intermittently 
over any part of the watershed to one of The City’s reservoirs. “Reservoir” 
shall mean any natural or artificial lake, pond, or reservoir within the limits of a 
watershed used by The City for its water-supply. 

Rules and Regulations. Bewage containing human excreta. (1) No privy or 
receptacle of any kind for the deposit, storage, removal or disposal of human 
excreta shall be constructed, located, or maintained in such manner as to pollute 
or threaten the pollution of any watercourse or reservoir. 

(2) All transportable receptacles for human excreta shall be provided with 
tightly fitting covers, which shall be securely fastened during removal and trans- 
portation, so that no portion- of the contents can escape. A sufificient numbdr of 
r^eptacles shall be provided, so that whenever one is removed an empty receptacle 
* State of Mass. Acts of 1896, Chap. 488 and amendments. 
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can at once be substituted. J he receptacles shall be thoroughly cleansed and 
disinfected, as often as may be found neccsstiry in order to maintain proper sanitary 
conditions. 

(3) In the absence of some manner of disposal of excreta specifically approved 
by the Board of Water Supply after due submission of plans thereof to said Board, 
such excreta shall be disposed of by burial in sluillow trenches not more than 2 ft. 
deep, jn places well removed from all watercourses, where the flatness of the ground, 
the character of the subsoil and the depth of the ground-water level will afford 
ample security against contamination of any water(;ourse or undue pollution of 
the ground-water and the soil. 

(4) In approved locations and where conditions of soil and topography are 
favorable, water-flushed toilets and other inside })luinbing may be used, if con- 
nected by approved watertight pipes within an approved sewage-disposal system. 

House Slops. (5) House slof)s, sink wastes, laundry water or sewage of any 
kind shall not be thrown on the ground or discharged in such manner as to become 
offensive or to result in or threaten the pollution of a watercourse or reservoir. 
Whenever large quantities of polluting solid matter or polluted liquid are to be 
disposed of, ap[)lication shall be made to the Board of Water Supply for the 
approval of a satisfacjtory method of disposal. 

Garbage, Refuse, Compost, Manure and Dead Animals. (6) No garl)age or 
putrescible refuse of any kind shall l)e thrown or discharged directly into any water- 
course or reservoir, nor shall the disposal be such as to result in or threaten 
pollution. 

(7) (/ompost heaps, or masses of fenrumted or de<;ayed foods, vegetables, 
roots, grain, siiwdust, leaves or other vegetable substanccvs shall not be main- 
tained in such manner as to result in or threaten pollutiom 

(5) No dead animal of any kind, nor any part thereof, shall be thrown into 
any watercourse or reservoir or buried in such manner as to form a source of 
pollution. 

Stables and Slaughter-houses. (9) No stable, pigsty, (4ii(5ken house, barn- 
yard, hog yard, slaughter-house, hitching or standing place of horses and cattle or 
any other place where dung or urine accumulates shall bo constructed, located and 
maintained so as to form a source of pollution. 

Factory Wastes. ( 10) No filth, decaying or putrescible matter*, waste product 
or polluted liquid from any factory, (U’eamery, mill, tannery, garbage or establish- 
ment of any other kind shall be dischar’ged, dmined or waslied directtly into any 
watercourse or reservoir. Ajrirlication shall be made to the Hoard of Water 
Supply for the approval of a satisfactory method for tlie disposal of such objection- 
able matters. 

Washing, Bathing and Swimming. (1 1) No animals of any kind shall bo 
washed in any watercourses or reservoir owned l)y l'h(» (^ity. No clotlves or other 
articles shall be washed in any watercourse or reservoir. 

(12) No bathing, swimming nor washing shall be done in any watercourse or 
reservoir owned by The City. 

Cemeteries. ( 1 3) No intc^rrnent shall be made in any cemetery or other place 
of burial in such manner as to result in pollution of a watercourse or reservoir. 

Disposal Systems. (14) Every existing system for treating excremental 
matter, wastes or discharges of any kind from any dwelling, hotel, stable, garage, 
factory or other building, wherein such wastes or discharges constitute a source of 
dilution, shall be modified in a manner satisfactory to the Board of Water Supply . 

(15) All new systems for the treatment of excremental matter, wastes and 
discharges of any kind shall receive the approval of the Board of Water Sup|dy 
before such system is installed. 
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Note. — These rules were prepared especially for the Catskill Mountain water- 
sheds, where the slopes are very steep, the soil generally very shallow and impervi- 
ous, and the habitable lands along the streams so narrow in many places that 
rules with set distances (like those of Metropolitan Water & Sewerage Board) 
would be inapplicable. 

GROUND WATER SUPPLIES 

Ground water supplies should be inspected to see that there is no chance 
for contamination from surface sources. Some ground waters of unimpeach- 
able quality become polluted after being drawn to the surface, due to defective 
pump-wells or suctions. Ground waters which become infected are usually 
dangerous for a longer period than are surface waters and therefore should be 
inspected with equally great care. Inspection of sources, and chemical and 
bacteriological examinations of samples should go hand in hand. 

Safety of Ground Waters. In a sandy soil, like that on I^ong Island, prob- 
ably all ground water found under natural conditions at a depth of more, than 
10 ft. is safe for drinking, provided it does not receive immediate subsurface 
pollution. Bartow^ found that safety of Illinois ground water increased with 
depth. Tubular wells will yield safe water, but open or dug wells are too 
liable to pollution from above to be used in crowded districts. In several 
European cities, ground water is preferred to filtered river water.. It should 
not be drawn too near the surface on account of sewage nor too near the sea 
on account of salt (see also p. 245). 

Natural Purification. Oxygen Requirement of Soil. Because the purifying 
action in the soil requires oxygen, the discharge of contaminating matter on 
the surface in the vicinity of a ground-water supply must be intermittent if 
the purity of the ground water be maintained. This is the condition which 
occurs in nature, a period of aeration following each period of rainfall. In 
cities and towns, pavements and buildings prevent ’aeration of the soil and 
consequently the purification of the water thereby. Sometimes purification 
is disturbed or arrested to such a degree that even wide zones of soil of the right 
physical character fail to protect ground- water sources against contamination. 

Efficiency of Natural Purification. The distance which a water must pass 
through the s6il before becoming safe is important, and depends upon local 
conditions, such as rate of flow, character of soil, and degree of pollution. 
Again the work imposed upon the soil may exceed its capacity; aerobic 
bacteria may be deprived of oxygen and give way to anaerobic bacteria, a 
condition not so favorable to bacteriological purification of ground water. A 
well-aerated soil is much more efficient than a soil which has been robbed of 
its oxygen. , 

Before sinking wells at Wuhlheide and Heiligensee, Ditthorn and Luerssen^ 
made a careful study of the permeability of the soil to bacteria. The object of 
the test was to ascertain how near a well could be to a broken sewer pipe 
without danger of contamination. They used Boot, prodigiosus for their 
experiments. The first of this series of experiments was made at Tegel See 
where one of the waterworks wells, which was driven to a depth of 177 ft., and 
whose .strainers began at 4 depth of 121 ft., was set apart for this purpose. 
At a distance of 69 ft. from this well, a pipe 62 ft. long was driven into the 
ground and through it the iacteria were introduced into the soil below ground* 
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water level through a strainer on the bottom of the pipe. At this point the 
ground-water level was but a few meters below the surface. A particular 
distance, ft., was chosen because some of the proposed wells were to be 
that distance from a sewage line. The soil was made up of gravel and sand 
a little finer on the average than good mortar sand. Bacteria, were intro- 
duced into the side pipe and water was pumped in afterward, until the level 
was 3 to 4.5 ft. above ground-water level, forcing the water .containing the 
bacteria into this soil and directly into the ground-water stream. The test 
was conducted for several days continuously and 380,000 gal. of water were 
pumped from the well daily. During the first 45 days, samples were taken 
from the well daily. Daring the first 11 days of the test, (51,000,000 bacteria 
were put into the side pipe. Bacteria were detected in the water drawn from 
the well on 10 different days — the first time, 9 days after the first injection of 
bacteria into the soil; the last time, 19 days after the last injection. There 
were two intervening periods, one of 5 and one of 6 days, during which no 
bacteria were found. About one bacterium in 40,000, according to computa- 
tions, reached the well water. It was concluded that the dangerous bacteria 
are much more sensitive and die out sooner than Bad. prodigiosus^ and there-^ 
fore the distance between the well and side pipe afforded sufficient protection. 

In a second series of experiments made at Miiggel See, bacteria were intro- 
duced above the ground-water level. The weU was 140 ft. deep; the top of 

£xcayi7f/b/r 



the strainer was 92 ft. below the surfa(;e and about 7(5 ft. below ground-water 
level, which in turn was about 16 ft, below the surface. The device for intro- 
ducing the bacteria into the soil was an imitation broken drain. This was 
located 58 ft. from the well and was 7 ft. below the surf ace,, therefore 9 ft. 
above ground-water level. The soil was a mixture of coarse and fine sand. 
The tests lasted 1 J months. Pumps drew an average of 126 gal. per hr. from 
the well. At the same time, 7(X) gal. of water per hr., on an average, were 
forced into the germ pipe. No positive results were obtained; then the germ 
pipe was lowered until it was only 4 ft. above ground-water level, and the 
quantity pumped from the well was increased to 3540 gal. per hr. In no 
case, hov^ever, were bacteria found in the well water. This test supports the : 
general opinion that a wet zone is never so efficient a protection against ; 
pollution as a dry zone. 
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Sometimes a zone of soil 10 ft. wide will prevent the passage of contaminat- 
ing material to a well, but ordinarily a greater width is essential; 50 ft. of fine 
sand nearly always suffices, provided ground-water level is 10 ft. or more below 
the surface. Where faults and fissures abound, as in limestone formations, 
contamination may pass a long distance through soil. At Lausanne, Switzer- 
land ,5 the village well was polluted from a stream more than a mile away. 
Gaffky® reported the infection of an open well from a privy vault 50 ft. distant. 
Caution demands that a minimum of protection be avoided.* 


yaHer \ 




dtonemt 

Pipes 


Fig. 250. — Satisfactorily constructed domestic wells. 


Spring waters, which may be of high purity before emergence at the sur- 
face, may become polluted by surface drainage because of the coliditions which 
surround the spring. In many cases such springs can be “restored by follow- 
ing the rules given below for shallow wells, and by replacing the soil about the 


* Stiles® found by experiments at an isolated army post that Bact. coli could be trac^ through 
sandy soil, in the direction of the ground water flow, 232 ft. from the point of pollution. 1 he veloc- 
ity of the ground water was less than one foot per day. In the same experiments, chemical 
tion was traced 450 ft. by the use of uranin, an aniline dye, applied at the point of pollution. JNo 
Bact, Coli were found above the point of pollution. 
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spring for a depth of from 3 to 5 ft. or more, and for a width of 25 ft. or 
more, with a zone of fine sand. Figure 249 illustrates this method of 
protection. 

Protection of Deep Wells. The lowering of the water-table by pumping 
directs the flow toward the well and invites polluting seepage. This pollution 
may enter the well if precautions are not taken to drive the bottom of the 
casing into the rock stratum to exclude the contaminating seepage. The 
tops of suction pipes should be sealed to prevent surface pollution from enter- 
ing the well. 

Protection of Shallow Wells. 

In order to protect dug wells, the following rules should be observed: 

1. Lining of well should be tight from surface of ground to water-bearing 
stratum ; for a depth of 5 ft. in any case, better 10 ft. 

2. Curb of well slioiild be brought at le;ast 1 ft. above surface. 

3. Well should have a tight cover and the ground immediately around it 
should l)e raised so that surface drainage will be away from the well. Prefer- 
ably the cover of the well should be of concrete or iron, and the ground about 
it i)aved with concrete or other impervious material (see also p. 234). 

4. Pump discdiarge should be so arranged that waste water cannot return 
to well without passing through a layer of soil suflicient to protect the well 
agai list contamination. 

5. There should be a zone of protection about each well in order to guard 
it against contamination from accidental polluting discharges in the vicinity 
of the well. This zone should have a width of at least 5 ft., preferably 
more. 

6! Ventilation openings are usually not necessary. If used, tliey should be 
screened to keep out insects and small animals. 

So-called “draw weljs’^ with open tops are inferior to wells with pumps, 
and should be used only in exceptional cases. Wooden covers are likidy 
to leak. 

Conditions which surround tube wells are exactly the same as those which 
surround other wells of the same depth. Their advantage lies in the greater 
protection afforded by tlie tight well tul)e. The tubes themselves, how- 
ever, dissolve rapidly in soft waters containing large amounts of free COy, 
thereby giving rise to leaks and making renewals frequent and expensive. 

DISINFECTION 

Disinfection of excreta and contaminated surroundings is always desirabl(‘. 
For this purpose, lime, calcium hypochlorite, metallic salts, and formaldehyde 
are used. 

Numerous coal-tar products, many of them very efficient, are also used as 
disinfectants. Their strengths arc given in terms of the Phenol Equivalents^' 
obtained by dividing the figure indicating the degree of dilution of the disin- 
fectant that kills specific bacteria in a given time by that expressing that 
degree of dilution of pure phenol which kills the same organisms in the same 
time and under parallel conditions. Soap increases the efficiency of coal-tar 
disinfectants, and cleanliness is safer than inadequate disinfection. 
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Table 208. Disinfectants 


DisinfeoUnt 


Solution for 
ordinary 
use, % 


Quicklime (CaO) 

Chlorinated lime (bleaching pow- 
der) (calcium hypochlorite). 
Phenol (carbolic acid)* 


Formaldehyde, (“Formalin"' = ± 
30 per cent, solution of Formal- 
dehyde). 

Mercuric chloride (IlgCU) 

Zinc chloride (ZnCl 2 ) 


Proportion of ohemioal to didnfeot 
excreta 


Equal volumes of excreta and 15 
per cent, milk of lime. 

Equal volumes of excreta and 4 
per cent, solution. 

Equal volumes of excreta and 6 
per cent, solution, or 2 . 5 per cent, 
nhenol in the final mass. 

()ne per cent, cresol in the final 
mass. 

2.5 per cent, formaldehyde in 
final mass. 

Equal volumes of excreta and 
1 : 500 solution. 

Equal volumes of excreta and 10 
per cent, solution. 


* Crude carbolic acid has 2.75 times the germicidal potency of pure phenol. 


Bibliography, Chapter 26. Protection of Sources 
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* Some prefer the term " Phenol Coefficient.” 




CHAPTER 27 


STORAGE OF WATER AND IMPROVEMENT OF RESERVOIRS 

Quality of water is greatly affected by storage, both for good and bad. 
Storage affords opportunity for coagulation, precipitation, bleaching of color, 
death of exotic disease germs, and subsidence of silt and clay. Sometimes, 
however, stored waters develop growths of microscopic organisms, especially 
if the sources contain an abundant supply of fo()d material or the water be 
stored in a new reservoir from which the vegetation and other organic matter 
have not been adequately removed. If the run-off be from a clean drainage 
area and the water be stored sufficiently long in an organically clean reservoir 
of adequate depth, a satisfactory supply usually results. 

By sedimentation or subsidence waters are clarified although some waters 
containing colloidal clay are not clarified completely by subsidence for periods 
of practicable length. Some reduction in numbers of bacteria is caused by 
adsorptive effect of precipitating suspended matter. The effect of subsidence 
in the reservoir of the Washington, D. C., Works which are supplied with 
turbid water from the Great Falls of the Potomac, is shown in Table 209. 


Table 209. Average Efficiency of Washington Water Purification System 


Turbidity 

Reservoir outlet 

1907 

1908 

1909 

1910 

1911 

1912 

Average for 

• 







0 yrs. 

Dalecarlia 

40 

53 

50 

30 

18 

59 

43 

Georgetown 

37 

45 

32 

29 

16 

23 

30 

McMillan' Park 

29 

31 

22 

18 

10 

13 

22 

Filtered water. 

2 

2 

1 

1 

0 

0 

1 

Bacteria 

Dalecarlia 

1,940 

2,700 

1,950 

13,850 

3,370 

6,000 

4,970 

Georgetown 

1,680 

2,940 

950 

10,850 

2,080 

2,600 

3,350 

McMillan Park 

635 

1,250 

390 

6,820 

1,390 

1,100 

1,930 . 

Filtered water 

31 

55 

21 

143 

38 

35 

54 


Period of storage in natural lakes may be many years, as in the Great 
Lakes, and may result in complete clarification and decolorization. Silver 
Lake, Brockton, Mass., has a storage capacity of 1760 days or 1,579,800 gal. 
per sq. mi. of drainage area; the color of the water is reduced from about 100 
to 9 p.p.m. Periods of storage in certain other reservoirs are given in P'ig. 251. 
At least 90 days^ storage should be provided. where surface waters are used 
without other means of purification. Even this nominal period may not 
afford sufficient protection against pollution because of imperfect displacement < 
of the reservoir contents due to differences in the density of the watery due in ' 
turn to temperature changes and to the action of wind and currents. It is too 
short to avoid growths of algae. 
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Storage ratio is the capacity of the reservoir divided by the mean yearly 
inflow. 

Limnology, or the science of lakes and ponds, treats of their geology, 
geography, physics, chemistry, biology, and the mutual relations of these 
features. (See Whipple, Microscopy of Drinking Water,^' 1914, Chap. VII.) 

Lake Thermometry. For surface temperatures, an ordinary chemical 
thermometer may be used, graduated from 0° to 40°C. or from 20° to 120°F. 
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Fio. 251. — Rcdu(;tion of color by reservoir storage. 

(Weston and Sampson, 1924.) 


For subsurface temperatures at depths of less than 50 ft., this thermometer 
may be put in a weighted case enclosed in a stoppered bottle, lowered to the 
proper depth and filled by withdrawing the stopper. After allowing sufficient 
time for the thermometer to set, the bottle is drawn to the surface and the 
thermometer read before it is taken from the bottle. For deeper, as well as for 
shallower, temperatures the Ihermo'phone^ of Warren and Whipple,'* an eleo- 

^ Not 3 tock apparatuB. Must be made to order by makers of resistance thermometers. 
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trical thermometer of the resistance type, is better adapted than any othe’* 
instrument for taking series of observations. 

Circulation Due to Terriperature. Because water is at its greatest density 
at 4®C. (39.2°F.) it follows that fluctuations in surface temperatures of lakes 
and ponds cause vertical circulation. As the surface water becomes cooler in 
winter, it becomes denser and sinks to the bottom. This overturn continues 
until a period of fairly stable equilibrium, known as winter stagnation, is 
reached. In the spring, the surface water begins to grow warmer and, until 
it reaches 4°C. grows denser and sinks. Therefore there is a period of circu- 
lation until all the water has reached the temperature of maximum density. 
These changes are known as the fall and spring circulations or overturns, 
respectively. 

Jjakes are divided into three types according to their surface tempera- 
tures and into three orders according to their Vjottom temperatures. The three 
types are polar, temperate and tropical. In lakes of the polar type, surface 
temperature is never above that of maximum density ; in lakes of the temperate 
type it is sometimes below and sometimes above it; in lakes of the tropical 
type it is never below that point. The three orders may be delined as follows: 
Lakes of the first order have bottom temperatures which are practically con- 
stant at, or very near, maximum density; lakes of the second order have bot- 
tom temperatures which undergo annual fluctuations, but which are never 
very far from maximum density; lakes of the third order have bottom tempera- 
tures which are seldom very far from the surface temperatures. 


Table 210. Circulation Periods of Lakes' l> 


Kind of lake 

Polar typo 

Temperate type 

Tropical type 

First order 

One ^ circulation 
period possible in 
summer, but gener- 
ally none. 

Two circulation 

periods possible, in 
spring and fall, but 
generally none. 

One circulation 

period, possible in 
winter, but gener- 
ally none. 

Second order 

One circulation 

period, in summer. 

Two circulation 

periods, in spring 
and autumn. 

One circulation 

period, in winter. 

Third order 

Circulation at all 

1 seasons, except 

when surface is 

1 frozen. 

Circulation at all 
seasons, except 

when surface is 
frozen. 

Circulation at . all 
seasons. 


Wind Currents, Wind produces important horizontal currents. The 
velocity of surface water in Lake Erie is about 5 per cent, of the air velocity. 
Ackermann showed that the surface water of Owasco Lake, N. Y., had a 
velocity of 3 per cent, of a wind velocity of 5 mi. an hr. and 1 per cent, of a 
wind velocity of 30 mi. an hr. After wind-driven water strikes the shore, 
it runs back below the surface. This is called an undertow current. Between 
the surface and the undertow currents there is a slow-inotion zone called the 
shearing plane. 

Removal of Color. Storage removes color because of the bleaching action 
of sunlight, and the coagulation and precipitation of colored vegetable matter 
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held in colloidal solution. The sun’s rays are rapidly absorbed by water and 
their bleaching action is greatest at the surface. In clear waters there is little 
bleaching action below a depth of 5 ft., and in turbid waters the effect 
of sunlight may be felt only a few inches. Wachusett* records from 1907 
to 1914 show that rate of reduction of color at bottom of reservoir was 30 
per cent, less than at surface. In Ashland and Hopkinton reservoirs, Mass., 
bottoni decolorization is about 5Q per cent, of that at surface. In some 
waters coloring matter is in colloidal solution, for example, Dismal Swamp. 
Such coloring matter is often reduced quite suddenly, by the coagulation of 
fine particle’s and their rapid i)recipitation. Sunlight is not indispensable for 
the coagulation of colloidal color. Iron is a component part of chlorophyll and 
its derivatives, from which the coloring matter in water is derived. As the 
coloring matter is decomposed in the presence of oxygen, the iron is changed to 
its insoluble ferric state and is precipitated on the bottom of the reservoir. 
During the warmer months, the bottom water in deep reservoirs becomes rob- 
bed of its oxygen, the iron is reduced to the soluble ferrous state and enters into 



combination with the organic matter. When this comjjound reaches the sur- 
face it oxidizes and increases the color of the water. Exposure to light, oxy- 
gen, and bacteria bring about a decomposition of the coloring matter and an 
oxidation and precipitation of the iron. 

The degree of reduction in color for various periods of storage in reservoirs 
in the Northeastern United States is shown in Fig. 251. 

‘Hydrogen sulfide is fnHpiently produced by putrefaction of organic matter 
in the stagnant bottom water in a reservoir. This forms ferrous sulfide with 
the iron and imparts a black color to the water. Water from the bottoms of 
reservoirs containing excessive C ()2 or organic acids is apt to corrode lead 
pipes rapidly, making necessary the addition of lime and sometimes aeration. 

Swamp drainage is an effective method of color prevention. Study of a 
watershed frequently determines certain swampy areas which are the principal 
sources of color. Desmond FitzGerald estimated that the color of the water 
supplied by the Ashland reservoir (Metropolitan Waterworks, Boston) 
could be reduced from 56 to 45. * 

P. P. Stearns used a simple form of swamp drainage ditch shown in Fig. 25^. 
lu connection with the Metropolitan Waterworks (Boston), 1069 acres of 
swamp were drained by 144,558 ft. of ditches. 

/• Metropolitan Waterworks, Boston. 
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Soil Stripping. Frequently, especially in Massachusetts, bottoms and 
sides of reservoirs are stripped of all growing vegetation and surface soil, 
and all deposits of muck are covered with a layer of clean sand. Waters stored 
in stripped reservoirs are greatly improved in color and in odor (due to organ- 
isms) especially during the first few years. Ralph H. Steams^ has studied " 
the decolorization of water in certain stripped and unstripped reservoirs in 
Massachusetts, See B. iNT., May 6, and Aug. 12, 1915, articles by Hazen 
and Whipple and F. P. Stearns. More data exist for stripped than for un-^ 
stripped reservoirs. Ultimately the character of the bottom and sides of a 
reservoir will be controlled almost entirely by the accumulation of ooze 
precipitated from the water (see page 043) . 

Organic mailer which has the greatest effect upon the quality of impounded 
waters is derived from grass, weeds, trees, and other vegetation on tlie reser- 
voir site. They should be removed by cutting and burning just before the 
reservoir is filled. To reduce growths of aquatic weeds and filamentous algse, 
the shores of the reservoir from 2 to 5 ft. vertically above the high-water mark 
and 10 to 20 ft. or more below, according to range of surface fluctuation, should 
be grubbed of stumps and roots. Below this zone, stumps should be pulled 
or cut close to ground. It is well to remove all deciduous trees which are so 
near the reservoir that leaves would fall therein, or to provide a screen of 
evergreens. Stripping undoubtedly reduces growtlis of organisms, but it 
is the result of .experience that it does not entirely or uniformly eliminate 
unpleasant or offensive odors. This is shown by Massachusetts experience. 
Stripping' alone cannot be relied upon to produce a stored water which 
will be satisfactory at all times, in taste, odor, or color. Modern standards 
call for a color less than 10 p.p.rn. and no unpleasant odor at any time. Such 
a result can be obtained by other methods of purification, such as filtra- 
tion. Where filtration iis necessary, the expense of coinj)lete soil stripping 
is seldom warranted. After the first few years, no considerable portion of the 
cost of stripping can be saved through a resultant reduction in the cost of 
filter operation. 

Origin and Longevity of Polluting Bacteria. To safeguard the purity of 
water supplies, careful and proper inspection should I'e made in order to 
eliminate any possible source of contamination. Chief sources of contamina- 
tion are sewage of cities and towns, and wilful or careless discharge of dejecta 
by individuals. Water-borne diseases comprise those caused by bacteria 
carried from the intestine of one individual to the mouth of another. Intes- 
tinal bact^eria, including Bad. call and the typhoid bacilli, tend to die out in 
natural waters. According to various authorities (Gartner,^ Jordan, Russell 
and Zeit,5 and Houston®) over 95 per cent, of typhoid bacilli discharged into 
surface water die during the week following their entrance, and after I month 
they have practically ceased to exist. Table 211 emphasizes this point. 
The surviving minority may persist for 2 months or longer. Experiments 
have shown'that typhoid bacilli perish more rapidly in polluted surface waters 
rfian in unpolluted ground waters. Jordan, Russell, and Zeit® attribute v 
this to the antagonism of normal water bacteria. Protozoa also consume 2 
bacteria. 
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Table 211. Vitality of the Typhoid Bacillus^ 


(Houston) 


Experiment 

Initial number 
of typhoid 
bacilli per c.c. of 
the infected raw 
river water 

Number of typhoid bacilli per c.c. of the 
infected raw river water, after storage in 
the laboratory for following periods, weeks 

l^umber of weeks 
reduired^ to effect the 
destruction of the 
phoid bacillus in 100 
c.c. of the infected rate 
river water 

One 

Two 

Three 

Four 

Five 

IT 

40 

0 





Five 

2L 

40 

0 





Five 

5 L 

170,000 

53 

2 

0 



Five 

15 N. R. . 

525^000 

29 

3 

0 



Five 

3 N. R. . 

40 

0 





8ix 

4 T 

170,000 

9 

2 

0 



Six 

6 N. R: . 

170,000 

40 

2 

0 



Six 

8L 

470,000 

850 

11 

7 

2 

0 

Severn 

9 N. R. . 

470,000 

1,430 

14 

7 

0 


Seven 

14 L 

525,000 

32 

2 

0 



Seven 

18 N. R. . 

475,000 

30 

3 

0 



Seven 

7 T 

470,000 

480 

31 

5 

0 


Eight 

10 T 

8,000,000 

3,000 

30 

4 

0 


Eight 

11 L 

8,000,000 

2,900 

29 

5 

0 


Eight 

13 T 

525,000 

12 

1 

0 



Eight 

17 L 

475,000 

80 

11 

2 

0 


Eight 

12 N. R. . 

8,000,000 

400 

22 

2 

0 


Nine 

16 T 

475,000 

210 

12 

2 

1 

0 

Nine 


T. =» Thames, L, — Lee, N. 11. = New lliver. 


Longevity of Bact, Coli and B. Typhosus in Water. “In pure natural 
water and in redistilled water Bad coll and B. typhosua die from starvation 
at a regular rate. The rate of death increases with the temperature and is 
similar to the rate of a (chemical reaction, thus follo\jing the monomolecular 
law. The presence of mineral matters had no apparent effect on the organ- 
isms. The presence of oxygen under starvation conditions seems to be harm- 
ful to Bact. Coli and beneficial to B. typhosus.^^ (Conclusions by M. E. 
Hinds) .7 

Effect of Storage on Microscopic Organisms. In order to prevent growths 
of organisms, water from the drainage area should be delivered quickly and 
stored in a reservoir which will not add to the organic content. It should 
not be allowed to stand for any considerable length of time in contact with 
organic matter. In deep reservoirs, little life exists below the transition zone.* 
Crenothrix and fungi, however, may develop in stagnant zones. Most 
growths of organisms occur near the surface where light is abundant. Verti- 
cal circulation causes distribution of algaj as well as of food for their growth. 
Under the influence of sunlight in the upper layers, algae grow readily, and 
are held at the surfatie by the gases evolved during growth. Growths of 
microscopic organisms vary with the seasons as do flowering plants. In North- 
eastern United States diatoms exhibit a spring and autumn growth. Spring 
growth is usually at its height in May, autumn in September. Chlorophy- 
ceae (green algae) reach their maximum in summer (June and July), and are 

* Transition Zone, sometimes called Thcrmocline or Discontinuity Layer — German: Sprurig- 
schioht — is the relatively thin layer betw'cen the upper and lower layers, where the temperature 
chaises rapidly with the depth. 
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followed by Cyanophycese, which reach their maximum in October. The 
most troublesome forms of Gyanophyceae, e.g.^ Aiiabacna, rarely develop at a 
temperature below 60 to 70®F., although growths may linger until frozen into 
the ice. Seasonal distribution of Protozoa is very variable. Rotifera are 
most numerous in summer and growths of Crustace®, as a rule, reach their 
maximum in the spring. 

Storage of ground waters should invariably be in the dark to prevent 
growths of microscopic organisms, especially diatoms. Of these, Asterionella 
is the most troublesome. Storage may not prevent the growth of fungi and 
certain Protozoa which do not require light for their existence. In a prop- 
erly designed well system there is usually sufficient storage in the water- 
bearing strata. 

Storage of Filtered Waters. Filtered waters, especially those high in 
mineral matter and carbon dioxide, have to be stored like ground waters. 
Certain soft waters from upland sources may be stored in open reservoirs 
with impunity. 

Advantages of Covered Reservoirs. See page 538. (Bunker.) 1, To 
maintain the water in the same condition of purity in which it leaves the 
ground or purification plant by: (a) Preventing entrance of dust, bird drop- 
pings, leaves, etc. {b) Preventing growth of algae. 2. To eliminate frequent 
cleaning. 3. To lessen danger of pollution by tresspassers. 4. To prevent 
loss of water by evaporation. 5. To maintain water at an even temperature. 
6. Because first cost is cheaper than later remodeling, and causes no inter- 
ruption of service. 

Bibliography, Chapter 27. Storage 
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CHAPTER 28 


SXJBSIDENCE§ 


Plain subsidence serves to remove the subsidable or settleable silt and 
clay from water. It is the cheapest method of removing those particles which 
settle out in a moderately short time and which would rapidly clog a filter. 
Subsidence is effected in open basins with concrete floors or in .impounding 
reservoirs, designed to hold from a few hours' to several days' supply. In 
the intermittent system, water is passed into a basin, permitted to stand, and 
then drawn off. In the continuous system, water flows through the, basin 
continuously. Cleaning is usually accomplished hydraulically by operating 
quick-opening gates and flushing out the sediment. Bottoms of well-designed 
subsiding basins usually slope to drains or openings. Hose streams are fre- 
quently used to move the sediment to the drains. At Grand Rapids, Mich.,2 
pressure-flushing for about i hr. through |-in. holes in 2|-in. pipes laid on the 
floor of the basin, precedes the draining. A very few plants employ hydraulic 
dredges. Self-cleaning basins are not usually practicable because of the large 
size of some sediment particles, although sand ejectors have been built in 
the bottoms of grit chambers, as at Cleveland, and since the floods in the Mis- 
sissippi River basin, in 1923, there has been a tendency to use mechanically 
cleaned basins of the Dorr type. 

Theoretical Considerations. The theory of subsidence has been eluci- 
dated by Hazenia and others. Every particle in suspension tends to move 
downward at a velocity depending upon its size, weight, and shape, and upon 
the viscosity of the water. Spherical particles settle more rapidly than irreg- 
ular particles of the same specific gravity. Particles in colloidal solution are 
so fine that they are not acted upon by gravity unless coalesced into groups. 

Table 212. Velocities at which Particles of Sand and Silt will Subside in Still 

Water 


Diam. of particles. 

* in mm. 

Hydraulic value, in mm. 
per sec. at 10° C. = 50° F. 

Diam. of particles, 
in mm. 

Hydraulic value, in mm. 
per sec. at 10° C. » 60° F. 

1.00 

100* 

0.03 

1.3t . 


0.80 

83* 

0.02 

0.62t 


0.60 

63* 

0.015 

0.35t 


0.60 

53* 

0.010 

0.154t 


0.40 

42* 

0.008 

0.098t 


0.30 

32* 

0.006 

0.055t 


0.20 

21* 

0.005 

0.0385; 


0.15 

15* 

0.004 

0.0247J 


0.10 

. 8* 

0.003 

0.0138: 


0.08 

6t 

0.002 

6.0062; 


0.06 

3.8 


0.0015 

0.00351 


0.05 

2.9 


0.001 

0.00154t 

0.04 

2.11 


0.0001 

0. 00001641 


* Experiments by Hasen. t Interpolated from oonneoting curves, t Willy's formula.* 
§ For Atiantii basins, see E. AT. R., May 13. 1920. p. 958. 
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Table 213. Grades of Suspended Particles in Water 


Kind of material 

Diam of particlee, I 
in mm 1 

Kind of material 

Diam of particles, 
m mm 

Coarse gravel 
Fine gravel 
Coarse sa^d 
Medium sand 
Fine sand 

Very fine sand 

2 upward 

2-1 

1-0 5 

0 5-0 25 

0 25-0 1 

0 1-0 05 ! 

Silt 

Fine silt 

Clay 

Fine clay 

Colloidal clay 

0 05-0 01 

0 01-0 005 

0 01-0 001 

0 0010-0 0001 
Finer than 0.0001 


Water containing sediment and fioe from colloidal matter (eg , clay), in a 
perfectly quiet basin will clear most lapidly at the top, the coarse particdes 
will go down faster and there will be a progressi\ e downwardly c leanng Most 
imnerals suspended m water h i\e a specific gravity of fiorn 2 1 to 2i9 The 
specific gravity of quart/ite sand is 2 65 



^or I ini( of Settling in r< rms of Finn H( juin d for Om Partidi toSrttli fxom I op to Uotf-onr 

'■ ri( 253 


Basin Types. When 

t = time reciuired for a particle of sediment to fall fiom surlace to bottom of 
water in basin, water meanwhile lieing absolutely still, 
a = time of sedimentation in case ictioii is inteimittcnt (m c ise of continuous 
operation, let a be ciuotient obtained by dividing capacity of basin by 
quantity of water entering or leaving it during etch unit of time), 
n = number of basins, in case sc\ual basins aie used successively, 

X = proportion of sediment remaining at end of process, amount at beginning 
being taken as unity, 

^ = time of sditlmg, in teiras of 
t 

the values of x for various values of ^ are plotted in Fig 253 as line A »4 

This IS the theoretical maximum and caiumt be reached in practice 
because suspended matter does not subside in the manner indicated* Its 
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subsidence is interfered with by the vortex motion produced by the kinetic 
energy of the entering water, by the action of the wind, by convection 
currents produced by temperature, and by mixing produced by currents 
caused by the shape of the basin. 


Table 214. Subsiding and Coagulating Basins^b 


Biisin 

Area, 
sq. ft. 

Aviir- 

age, 

depth, 

ft. 

Ap- 

proxi- 

mate 

hori- 

zontal 

cuiurse, 

ft. 

Ratio 

of 

hori- 

zontal 

course 

to 

depth 

Quantity 
treated 
daily, gals. 

Hours 

of 

.storage 

Gals, 
per 
sq. ft. 
daily 

East Jersey 

5,400 

43.0 

130 

3 

32,000,000 

1.30 

5,020 


131 

(5 7 



250,000 

0.63 

1,010 

Warren, PittsburKh 

17(5 

10.0 



300.000 

1.05 

1,700 

tDetroit, Mich 

252,000 

15.0 

1000 

63 

350,000,000 

2.0 

1,387 

Ithaca 

4,700 

11.4 

240 

23 

3,000,000 

3.20 

638 

Watertown 

0,880 

13.6 

270 

20 

1 (5,000.000 

4.00 

610 

tClevoland, 0 

102,042 

14.(5 

500 

34 

1.50,000,000 

3.36 

782 

fBaltiniorc, Md 

147,700 

18.0 

700 

30 

128,000,000 

3.0 

868 

World’s Fair, Chicago, 1893 sewage 

3,13(5 

40.0 



2,400,000 

0 . 00 

768 

Albany 

220,000 

8.5 

400 

47 

17,000,000 

20.00 

77 

Experimental sand filters I’itts- 








. burgh 

(570 

(5.8 

45 

7 

34,000 

24.0 

51 

St. Louis 

1,(500,000 

14.0 

750 

54 

.80,000,000 

50.0 

i 50 

Kansas City 

300.000 

20.0 

1,700 

85 

15,000,000 

72.0 

1 50 

Washington 

(5,(500,(K)0 

M.O 

8,000 

570 

75,000,000 

225.0 

11 


Basin 

Hori- 
zontal 
veloc- 
ity, 
mm. 
per sec. 

Mm. in 
depth of 
water 
nmioved 
per 8i!C. 

Type of 
basin. 
Fig. 253 

Value 
of n/t 
for 75 
per 
cent, 
removal 

Hydrauliii 
value of 
smallest 
particles 
removed’'' 

Diam. of 
smallest 
particles 
removed, 

, inm. 

East Jersey 

8.0 

2.78 

Spcicial 

2.00 

5.. 56 

0.077 



0.00 

1 

3.00 

2.70 

0.047 



0 80 

2 

2 . 00 

1 . (50 

0.034 


43.2 

0.(55 



0.67 

0.020 

Ithaca 

6.0 

0.30 

4 

1.(57 

()..50 

0.018 

Watertown 

.0 

0.28(5 

4 

1 . (57 

0.48 

0.018 

fCleveland, 0 


0.368 

B 

• 1.07 

0.3(58 

0.015 

fBaltiniore, Aid 

1 5 . 0 

0.408 



0.51 

0.017 

World’s Fair, Chicago, 1803 .s('wagi?. 


0.36(; 

n 

* 1.00 

0.35 

0.015 

Albany 

2.0 

0.03(53 

IJ 

2 . 33 

0.084 

0.007 

Experiment, m 1 sand filti'i-s PiM.s- 







burgh 

0.2 

0 0240 

1 

.3 . 00 

0.072 

0.007 

St. fjouis 

1.0 

0.0235 

1 

3 . 00 

0.070 

0.007 

Kansas City 

2.0 

0.0235 

4 

1.(57 

0.030 

0.005 

Washington 

3.0 

0.0053 

4 

I . (57 

0.000 

0.003 


deiinitioii on p. TOfi. t Data added by Authors. 


Table 216. Comparison of Different Arrangements of Settling Basinsic 



Line in 


Values of 

0 

t 

Desiiriptinn of basins 

Fig. 

253 

One-half 

removed 

Three- 

fourths 

removed 

Seven- 

eighths 

removed 

Theoretical maximum (cannot be reached) 

A 

0.50 

0.75 

0.875 

Surface skimming, llochner-Roth system 

B 

0.54 

0.98 

1.37 

Intermittent basins, reckoned on time of service 
only ' 

c 

0.63 

1.26 

1.89 

Continuous basin, theoretical limit 

D 

0.69 ! 

1.38 

2.08 

Close approximation to ditto 

Very well baffled basin i 

16 

0.71 ! 

1.45 

2.23 

8 

0.73 ! 

f.62 

2.37 

Good baffling... 

4 

0.76 

1.66 

2.75 

Two basins tandem 

2 

0.82 

2.00 

3.70 

One long basin, well controlled 

U 

0.90 

2.34 

4.50 

Intermittent basin, in service half time 

E 

1.26 

2.50 

3.80 

One basin; eontinuous. 

1 

1 1.00 

3.00 

7.00 
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ValmB efj necessary to secure the removal of and J of the particles 
t 


of a given size, with basins of different arrangements, and without regard to 
excessive bottom velocities or the favorable effect of contact with the 
already subsided particles, are given in Table 214. 

Time. The diameter of particles in millimeters, such that 75 per cent, will 
be removed with continuance of operation, may be computed, according to 


Hazen, by the formula: 

d = 0.0027/ 



^‘iii which / is a factor depending upon the arrangement of basins and baffling. 
Use 1.73 for a basin with one inlet and one outlet well separated; 1.41 for two 
basins through wliicli the water passes successively; 1.22 for a well-baffled 
basin or other specially good arrangement. / = 1.00 is a theoretical limit not 
reached in practice. In the hust term, t is temperature in degrees Fahrenheit. 
For comparisons use t° — 50 in all cases. The rule does not apply for separa- 
tions above 0.05 mm. It is not precise, but it affords a convenient basis for 
comparing various sedimentation and coagulating basins.' 'ic 

Effect of Temperature. Because of greater viscosity of water at low tem- 
peratures, a particle of silt will settle twice as fast at a temj)erature of 23°C. 
(74°F.) as at 0°C. (32°F.). The rate of settling at different temperatures 
/°F. + 10 

varies as — — . Annual average temperature of water in lakes, ponds, 

and open reservoirs in Northern United States is about 10°C. = 50°F. 

Practical Considerations. Quantities of solids carried in suspension by* 
several American rivers are given in liable 22, p. 03. Besults obtained in vari- 
ous subsiding and (ioagu kiting basins are given in Table 214. p]xperiments at 
New Orleans showed that from Missksippi River water, containing an average 
of G50 p.p.m. of suspended matter and an average turbidity of 000 p.p.rn., 
the amounts of suspended matter given in Table 210 would be deposited. 


Table 216. Estimated Amounts of Suspended Matter Which Would Be Deposited 
from Mississippi River Water 


Period of 
subudence, 

Susppndod 
matter, parts 

Percentage removed 

Mud removed* 

Silica 

Suspended 

Per million gallons 



turbidity 

matter 

Cubic yards 

Tons 

12 

215 

19 

33 

2.28 

2.48 

24 

290 

28 

45 

3.07 

3.35 

48 

350 

37 

54 

3.71 

4.05 

72 

385 

42 

59 

4.08 

4.45 


♦Specific gravity of mud at New Orleans = 1.3; weight of mud per cu. ft. = 81 lb. 


Results. As a rule, well-baffled basins having a capacity equal to 6 hrs'. 
flow will remove particles larger than 0.02 mm. in diameter. Basins having 
a capacity equal to 24 hrs'. flow will remove particles larger than 0.007 mm. 
At Washington, D. C., in a succession of three reservoirs (see Table 209, 
p. 633) holding a week's supply, particles larger than 0.003 are removed. 
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Removal of the bulk of the suspended matter is usually all that is necessary 
aS' a -preliinmary to filtration. Suspended matter in day-bearing streams 
cannot be completely removed even after weeks of subsidence. Intermittent 
basins possess no advantage over properly designed continuous basins. 
Allowing for the time out of service, they do only slightly more eflicient 
work, and furthermore deliver the water at a lower elevation. Ordinary 
baffling raises the efficiency of continuous above that of intermittent basins. 
Horizontal * basins should have a length not exceeding one and one-half 
times their width. Greatest efficiency is obtained in a high vertical basin 
with the entering water well distributed at the bottom and the effluent 
skimmed from many points at the surface; but this type is impracticable for 
large plants. Where the entering water is colder than the air, the water in 
the basin will stratify. 

Baffles.* Because efficiency of basins depends in part upon area of bottom 
surface upon which sediment can be deposited, and because best results are 



'Tpp of Drain Guitar 


"'Floor Slopes '' Bottom of ^ Drain 

fo Drain Gutter Drain Gutter fVpe 


Fig. 254. — Subsiding basin with A-frame baffle. 


obtained when the incoming water can be brought into contact with the 
sediment and kept from mixing with the partially clarified water, it is well to 
divide horizontal basins into consecutive compartments by baffles. Of these, 
the A-frame baffle^ shown in Fig. 254, is the most useful. This baffle receives 
the water from the upstream compartment through a number of openings 
near the surface and discharges it near the bottom of the basin through cor- 
responding openings. They are usually built of concrete slabs supported 
by A-frames of steel or reinforced concrete, or of plank supported by steel 
frames. Bottom velocities affect the deposition of sediment. Sediment once 
deposited is not so easily conveyed by the water as before. 

Bibliography, Chapter 28. Subsidence 

1. T. A. s:c, E., Vol. 53, 1904. a, p. 45; b, p. 70; c, p. 50; d, p. 47. 2. E. N. Aug. 30, 1917. 
P. 417. 

'•‘Loss of head in a closely bafUcd mixing basin was investigated at Greensboro, N. C.; see 
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CHAPTER 29 


AERATION 

Aeration consi‘?t«! in bringing water into intimate contact with air in order 
to introduce additional oxygen for the oxidation of iron, and for washing 
out gases and volatile odors. Water sprayed in fine streams from varying 
heights absorbs oxygen rapidly. For the solubility of oxygen, see p, 5S3. 

The removal of the odor of vegetable matter is difficult. The oxidizing 
effect upon the organic matter is negligible. 

Aeration has successfully removed algal odors from waters at Newark, 
N. J.; Grassy Sprain reservoir, Yonkers, N. Y.; Whiting St. reservoir, Holyoke, 



Fi(. 2.5/5 — Aeiatoi at Wiiichcstci, Ky , pumping slation. 
(Wh((l(.r.) 


Mass.; Ludlow reservoir, Springfield, Mass. It is undertaken on large scale 
for New York (^ity’s Catskill supply through nozzles causing exposure of 
water in spray for a few seconds under at least IG-ft. head (see p. 647). Such 
aeration not only oxygenates, but reduces free carbonic acid from about 20 to 
to 5 p.p.m. and removes probably three-fourths of odors of growth and decom- 
position. The Catskill aerators permit draft from reservoir depths where the 
oxygen is depleted. 

Aerators. Aeration may be accomplislied by cascades, fountains, and 
sprays. Small streams are better than large. Cascades economize head^ 
and, when the water is distributed in thin sheets, are often efficient. 

Cascade aerators are built in the form of steps, as at Dallas,' and in the form 
of an inclined plane covered with iron plates on which are placed staggered 
cast-iron projections arranged to break up the water and bring it into contact 
with air, as at Norristown.* At Indiana University,* air was forced into 
the water; at Oshkosh,^ multiple-jet inspirators were used. Superimposed 
pans with alternate perforated and plain sections (Pig. 225), combine the 

(U/i 
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advantages of spray and cascade aerators.* Other examples are at Danville, 
Va., Long Beach, N. Y., Oklahoma City, Okla., and the new plant at Provi- 
dence, R. I. At Oklahoma City, the process is of doubtful value. 


Table 217. Oxygen Absorbed by Water Sprayed from Various Heights 

Oosten 


Height of fall 

Oxygen absorbed in parts 

Centimeters 

Inches 

per million 

10 

4 

1.21 

25 

10 

1.79 

50 

20 

2.52 

100 

40 

6.50 

200 

80 

7.33 


Table 218* Carbonic Acid Left in Solution after Aeration by Exposure in Drops 

G. C. and M. C. Whipple 



Carbonic acid (parts per million) 

At the start 

5.0 

10.0 

25.0 

50.0 

After 0.5 sec 

4.1 

6.9 

13.8 

23.4 

After 1 sec 

3.5 

5.3 

9.3 

14.0 

After 2 sec 

3.0 

4.1 

6.2 

8.5 

After 5 sec 

2.5 

3.0 

3.8 

4.5 

After 15 sec 

2.1 

2.1 

2.1 

1 

2.1 


Table 219. Hydrogen Sulfide Left in Solution after Aeration by Exposure in Drops 

G. C. and M. C. Whipple 


Time 

Sulfureted hydrogen (parts 
per million) 

Odor 

« 

At start 

15.2 

Faint 

After 1 sec 

‘ 10.2 

Very faint 

After 1.5 sec 

5.0 

1 Very faint 

After 2.0 sec 

2.6 

None 


Spray-nozzle Aerators. Good dispersion is produced when the water 
revolves in the pipe before it issues from the nozzle ; various spray nozzles on 
the market embody this principle. Pressure nozzles are the most effective 
devices for aerating water. They require, however, high heads; are affected 
by winds; and must be located above pools, readily befouled with debris. 
The conical nozzle, with floating conical center, developed at Sacramento®, t 
and also used at Peabody, Mass.,t and elsewhere, is especially adapted to low 
heads. Tests on models by New York Board of Water Supply, 1908 and 1910, 
showed practicability of casting thin bronze shell with spiral vanes in one 
piece. Shape finally selected for aerating Catskill water below Ashokan and 
Kensico* dams is made up of cylindricaf base surmounted by conical tip. For 
first installation tip opening was If in. diameter. In base are cast 3 vanes, 
equally spaced on circumference, and projecting nearly to center of waterway. 


* S®e details of aerator box for South Norwalk, Conn., in J. N. E. W. W. A., March 1916. 
t Made by the Water Woi^s Supply Co., Call Bldg., San Francisco, 
t Pliant of American Glue Co. 
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Angle between vanes and axis of nozzle varies from parallelism at base to 60® 
at top. Function of vanes is to set up rotary motion in jet, accelerating 
breaking up of jet into drops. Jet, 15 to 25 ft. high,’ gives effective aeration. 
Tests showed that this rotary motion gave jets greater resistance to distortion 
by wind, as compared to jets from vaneless nozzles. Tests on If-in. bronze 
nozzles (Nov., 1910), with long tip and with short tip (also base was tested 
alone), using heads between 10 and 21 ft.: coefficient for discharge for base 
only (3 in. diam.) was 0.58; short tip, 0.89 to 0.99 (If in. diam.); long tip, 0.99 
(If in. diam). Quantity discharged varied from 0.28 to 1.79 cfs. Figure 
256 shows nozzle adopted. 



Fifj. 256. — Aonition nozzle, Bourd of Wnten* *Siij)]>l.y, N(‘\v \'ork. 


Table 220 shows the results of experiments made by William Easby Jr., 
at New Castle, Del., in 1919, using various eommereial nozzles. 

Table 222 shows some results of aeration of ground water obtained from 
various sources. 


Table 220. Removal of CO 2 by Spray Nozzles, Newcastle, Del. 


Style of nozzle 
and diameter 
of orifice 

• 

Cfirhoii 
dioxide, 
parts i>fr 
million 

T emp(?r!itiire — Falir . 

Pres- 
sure at 
base of 
nozzle, 
puund.'j 

Discharge * 

Height 

nozzle 

tip 

above 

ground. 

feet 

Water 

Air 

c 

0 

O' 

iS“ 

After 

aeration 

Before 

aeration 


Before 

aeration 

After 

aeration 

Gallons 
per min. 

Gallons 
per day 

Spraco 


77.0 

6.6 

58 

66 

70 . 

mm 

5 

12.2 

17,580 

5.9 

Spraco < 

7 / 

84.5 

5.5 

58 

66 

68 

68 

5 

12.2 

17,580 


Spraco 

0 

74.4 

3.1 

62 

65 

73 

73 

5 

12.2 

17,680 


Spraco 

ft 

74.4 

3.5 

62 

65 

73 

74 

6 

12.2 

17,580 

1.9 

Spraco 


84.5 

6,4 

58 

66 

68 

68 

5 

20.6 

29,670 

6.9 

Spraco 1 


74.8 

3.1 

mm 

M 

72 

72 

5 

33 . 5 

48,240 

5.9 


7.3.9 

7 5 

60 

64 

71 

71 

,5 



5.9 

Worcester 

79.2 

5.1 

58 

64 

72 

72 

5 

21.5 

40,2.50 



79.2 

8.4 





' 5 

29 . 5 

40,250 

1.9 


74.6 

7.3 





5 

29.5 

40.250 

1.9 

Worcester 

74.6 

8.6 





5 

29.6 

40,250 

1.9 
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Table 221. Typical Spray Aerators 

Manual of Amencan Water Works Prartif( 1025, p. 193 


Locality 

1 

V 

rt a 
Q " 

03 

a 

S’S 

F 

I*- 

\o nozzles 

Size orifice 
inches 

Rating g p m 
at 10 lbs 

Hoor 

sq 

span 

ft 

^ £ 
0*" 

Ih 

II 

£ 

GraMtv or 
pumped 

Source c f 
information 

Total 

Per Algd 

Now \ ork N \ 












Kensico 

1011 

400 

icoo 

n 

170 

77 000 

101 

20 

»xi> 


I rod I Moore & 

Ashokan 

1913 

400 

1()00 

li 

170 

7*’ 000 

101 


1 \p 

( 1 

irank Hale 

Hiohmond Va 

1024 

10 

300 

liV 

100 

53 000 


11 

i xp 

1 

F 0 Baldwin 

Tbt Worth lex 

1018 

14 

bi 

If 

150 

0 41 

07 

r 

1 xp 

ix 

W S Mahhc 

Whiting Ind 

1020 

4 

22 

lA 

150 

1 440 

3( 0 

10 

1 ou\ r( 

1* 

Paul Hansen & 












Bernard It up 

Warsaw Ind 

1024 

2 

12 

1 A 

110 

1 06C 

ill 

<) 

1 IV re 

p 

Piul Hansen 

Pro\idenoc U I 












Influent 

1925 

100 

173 

n 

17) 

2 '’00 

2^7 

27 

1 \1 

( 

M lie )lm PirniG 

Effluent 

1025 

f)0 

800 

1 2 

41 

10 000 

U'^ 

f 

I xp 

( 

M ilcolru Pirnie 

Danville Va 

1024 

o 

42 

li’ 

7f 

1 bon 

iJO 

14 

I \p 

J 

Malcolm Pirnie & 












Richard Messer 

W Palm Beach 












na 

1921 

S 

50 

u 

01 



23 

1 \p 

1 

M ileolm Pirme 




50 

1 > 

77 


1 






Note — Information m ithix list t \ imsti imurtlyt n in tt f V W W A 


Contact. Intel clian^»( of f»,iscs miv hi ucdei it(d by (ontict, as accom- 
plished by a towel or tnckler filk d with coke sUg, oi stone (seveial 1 uropean 
plants use buck, also wooden slats), such is used in deft niz ition plants The 



Fig 257 — Expr riments with multiple? coke trays ^ 


contact principle apphes in all filters, especially where waters containing 
heavy growths of* algse, muc h organic matter, or colloidal iron, make such 
treatment necessary Oxygen is condensed in the films on the sand during 
the idle period and given off during the working period W Donaldson^ 
who experimented with Vaiious aerating devices, lecommended multiple 
♦ Se 0 Iiudlow Fdter at Spnngheld Masa ,J N E W W A , Vol 21, 1907, p 279 














AERATION 649 

coke trays, filled with coke, for the Memphis deferrization plant. The results 
of his experiments*with this type of aerator are shown by Fig. 257. 

Table 222 shows the results obtained by aerating ground water to 
remove carbon dioxide. 


Table 222. Some Results of Aeration of Ground Water’'* 


Locality 


Type of aerator 


Carbon clioxicie, 
p.p.m. 

Before 

After 

29.0 

• 6.8 

24 

8 

23 

13 

41 

4 

30 

6 

30 

12 

38 

11 

55 

31 

125 

20 

04 

20 

48 

10 

35 

6 

30 

10 

120 

32 

32 

7.5 

12 

4 

73 

30 


Merrimac, N. II. . 

Brookline, Mass 

Lowell, Mass 

Middleboro, Mass 

Peabody, Mass., (A. (1. (’o.) 

Far Rockaway, N. Y 

Long Beach, N. Y 

Rockaway Park, N. Y 

Virginia Beach, Va 

Le Roy, O 

Shelby, O 

Wadsworth, O 

Xenia, 0 

Memphis, Tennf | 

Superior, Wis 

Excelsior Springs, Mo 

* From various sources, 
t See footnote, p. 255. 


Sprays and 10' stone ])cd 

Sprays and 10' coke bed 

2'' riser pipes & 10' coke bed 

Sprny al)ove 10' coke bed 

Sacramento nozzles and one coke 

.tray 

Single large riser pipe 

Spray nozzles 

11 wooden steps 

Si)ra.y nozzles 

Spray nozzles 

Stack of 3 coke trays * . . . 

Spray nozzles 

Stack of 3 coke trays 

Air lift wells 

Stack of 4 coke traj^s 

Stack of 4 perforated pans 

Multiple spilling pans 


Relation to Filtration. Pirnie® and Bunker^ have shown that aeration to 
remove carbon dioxide, following the application of sulfate of alumina to 
coagulate water, not only j)r()nu)tes coagulation, but the efficiency of filtration 
which follows. At Wakrtown, this practice also j)revonted “red- water 
troubles, and decreased the dose of chlorine required to sterilize the water. 
It also minimized the odors due to sulfite waste in the i>olluted raw water. 
At West Palm Beac'li, Fla., the results obtained with and without aeration 
show its advantages. 


Table 223. West Palm Beach, Fla. Results of Aeration of Water Treated with 
66 p.p.m. of Sulfate of Alumina 

Ifirnie 



Parts per million 

Source of sample 

Color 

Alkalinity 

Carbon 

dioxide 

pH value 

Lake 

148 

30 

3 


Dosed water 

30 


Aerated spray 



10 


Filter influent 



8 

. 6.3 

Filter effluent 

8 

3 

6 

5.2 


Bibliography, Chapter 29. Aeration * 

1. JJ. JV. R, June 14, 1923, p. 1044. S. E. N., May 6, 1915, p. 853. 8. Proc, Ind» Acad, 8H,, 
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CHAPTER 30 


COAGULATION AND DISINFECTION 
COAGULATION 

Coagulation,* as applied to water, is tlie application of certain harmless 
chemicals in minute quantities to produce a precipitate that includes the 
mud, clay, organic matter, and bacteria, and combines them into aggregates 
(floes) of a size easily removable either by subsidence alone or by subsidence 
and filtration. Usually water containing more than 30 p.p.m. of turbidity 
or more than 20 p.p.m. of color, must be coagulated before filtration. Coagula- 
tion serves two purposes: (a) it gathers into groups or floes, particles which in 
a dispersed condition (^oiild not be removed by subsidence or filtration; (b) 
it forms sponge-like layers or films in the filter sand which allow water to pass 
at a high rate, whilci at the same time retaining bact(n*ia and suspended matter. 
These two functions are called surface adsorption and straining. The vast 
surface presented by the jelly-like compound which is formed by the addition 
of a coagulant to an alkaline watcir causes the adsorption of color, organic 
matter, and other substances, which exist in true or colloidal solution. In 
slow filters the bacterial films accumulated on the sand particles perform the 
same function. 

Hydrogen-ion Concentration. Any aend (or alkali) when dissolved in wab'r 
tends to dissociate into the hydrogen ion and the othdr conqwnent ions. This 
splitting into ions is known as ionization. All acids (and alkalies) do not 
ionize to the same degree. For cxarnjjlo, hydrochloric acid (ITCl) ionizes about 
90 per cent., but acetic acid (HAc) ionizes only about 2 per cent., and boric 
acid (H3BO3) about 0.005 per cent. An acid which ionizes freely is called a 
strong acid; others weak acids. The properties f of acids and alkalies vary in 
intensity with the degree of ionization. In other words, the aggressiveness or 
potentiality of an acid does not depend upon the total quantity of acid per 
unit volume (its concentration), but upon the total quantity of ionized hydro- 
gen per unit volume. Alkalies and all salts ionize in a similar manner, and 
their aggressiveness depends also upon the degree of the ionization, known as 
the ^^hydrogen-ion concentration,” usually expressed as the pH value, which 
is the logarithm of the reciprocal of the weight in grams of hydrogen-ions 
present in 1 liter. (See Table 225, p. 653.) 

In any solution, the product of the hydrogen and other ions is constant. 
Pure water is neutral, that is, neither acid nor alkaline, and its hydrogen-ion 
concentration i8*pH = 7. A pH value of above 7 indicates an excess of OH 
(Hydroxyl) ions or a potential alkalinity; below 7, an excess of H ions, acidity. 

* Technically, the change from a dispersed phase intti a system made up of solid masses and 
liquid. 

t Taste, action on skin, reaction with indicators, etc. 
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The simplest method of determining the pH value of any solution water), 
is the colorimetric method.* Certain substances known as buffer salts are 
utilized in preparing indicator solutions of definite pH values with which the 
sample of water similarly treated is compared. Table 224 lists some of the 
indicators used, with their pH range and color change. Other methods of 
determining pH are also being usedf and are being refined. 

Importance of the p//-Value. The formation by coagulation of a good 
floct in as short a time as possible dejiends to a great extent on the pH value 
of the treated water. It is important that the coagulant be precipitated as 
completely as possible, § and rec^ent research indicates that there is an opti- 
mum pll value for each water and coagulant at which the maximum amount of 
coagulant is thrown out of solution, but that above or below this point pre- 
cipitation is not complete. This optimum point has been found to be any- 
where from pH = 5 to pH = 7. The optimum point should be determined 
for each water which should then be brought to the correct pH\\ by proper 
chemical treatment. See Tables 224 and 225. 

Theory of Colloids. Colloids arc simply matter in a finely divided or 
highly dispersed condition, yet not so finely divided as to form true molecular 
solutions. In order to be dispersed in colloidal form, a substance must be so 
finely divided that it will remain in suspension indefinitely. A lump of clay- 
schist sinks rapidly, but when disintegrated by water the clay particles of 
which it is composed remain in suspension indefinitely, like those in the 
Mississippi River water. Fine particles do not follow the law of coarse sub- 
siding particles. They possess molecular movements (called Brownian) which 
are negligible for coarse particles, and remain suspended indefinitely. Par- 
ticles of vapor and dust in the air are often in the colloidal state. Gold, paper, 
clay, iron, and other substances may be so finely divided as to remain sus- 
pended in pure water indefinitely. 

The force which holds these very fine particles in suspension is a property 
of their surfaces, a film produced by the selective powers of adsorption which 
these surfaces possess, e.g., the condensation or orientation of oxygen mole- 
cules on the surfaces of the sand grains in a filter; or the electrical charge which 
causes the unprecipitated particles of water in the atmos])here to repel one 
another, thus preventing their coalescence and conseqinmt preciiiitation. 

Particles in the colloidal state arc smaller than 0.0001 mm. in diameter 
and in some cases no larger than 0.000,006 mm. The enormous increase in 
surface area due to division of matter, greatly augments the capacity of the 


* See Clark & Lubs, “Colorimetric Determination of J. Bad. Vol. 2, 1017, pp. 1, 100, 101. 
Clark, “Determination of H-lon.s,“ W'illiamH-WilkiiiB Co., 1024. 

t Such as the electric method. See Clark’n “ Determination of Hydrogen Ions,” 2nd Edition 
1924. Also “ Standard Methods of Water Analysis,’' A. P. H. A., 102.'>. 

t See Reprint 813, U. S. Pub. Health Reports, “An Experimental Study of Relation of pll to 
the Formation of Floe in Alum Solutions,” by Theriault and Clark. 1923. 

Massink & Heymann, “Significance of pH in Drinking Water,” J. A. W. W. A., Vol. 8, 1921, 
p. 239. 

§ Wolman & Hannan, “Residual Al. Compounds in Filter Effluents,” Chem. Met. Eng,, 
Vol. 24, Apr. 27, 1021. 

Hatfield, “Hydrogen-ion Concentration and Sol. Al. in Filter Effluents,” J. A. W. W. A,, 


Vol. 11, 1924, p. .554. 

Catlett, “Optimum pH for Coag. of Various Waters/’ J. A. W. W. A., Vol. 11, 1924, p. 887. 
II Baylis, “Use of Acids with Alum in Water Purification and Importance of pH** J. A. W. W. A., 
Vol. 10, 1923, p. 365. 

Norcom, “Purification of Colored Water at Wilmington, N; C.,” J. A. W. W. A., Vol. 11, 


1924, p. 96. 

11 At Washington 


N. C., deep well water high in alkalinity was mixed with the water being trrated 


to raise the pH. 
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substance for adsorption. This has an Important bearing upon the power of 
aluminum and other hydrates used as water coagulants which, when precipi- 
tated in water, pass gradually through the colloidal or dispersed state into the 
solid state and in doing so offer, because of their small size, a correspondingly 
vast surface for the adsorption* of suspended matter such as clay, color, and 
bacteria. 

Colloidal solutions are of two kinds, those wherein the substances are dis- 
persed in water (where water is the external phase) and those wherein water 
is within the expanded spongy structure of the substance (where water is 
the internal phase). Colloidal gold is an example of the first, gelatin of the 
second kind of solution. Where water is the external phase, and where the 
colloids are suspended electrically, the particles will migrate or move when an 
electric current is present, to the positive or lu'gativc ])oles, depending upon 
the preferential adsori)tion of negative or ])ositive el(H*tiical charges by the 
particles. Colloidal clay has a negative, aluminum hydrate a positive, charge. 
Colloids of like charges repel, while those of oj)i)osite charges attract one 
another. In Posen, Poland, the colloidal coloring matter in the deeji-well 
water and the colloidal iron in the aerated shallow-well water mutually precipi- 
tate each other when the waters arc mixed in the right jiroportions. W'here 
water is the internal phase, some of the gelatin-like substances may pass in 
and out of solution by the exfiansion and contraction of the honeycomb-like 
structure of the substance. These colloids are reversible/' The existence 
of this structure may explain how c(‘rtain vegetable matters, like vegetable 
albumens, may retard coagulation by preventing contact of the jiarticles of 
coagulant; f.c., they interpose their structure between the particles. Other 
colloids which, when thrown out of solution, cannot be taken up again without 
redivision arc called ^‘irreversible/' 

Electrolytes (dissolved salts wdiich conduct currcftit) tend to precipitate 
colloids. This is why coagulation in soft wat( rs is more difficult than in hard. 
Any contact surface, particularly on(‘ covered with a film of already coagu- 
lated substance, favors coagulation; likewise agitation, mixing, friction, 
time, or high temperature, all of which tend to bring the separated particles 
into contact. 


Table 224. Indicators Used in Determination of pH Value 


Indie itor 

pil Ranpo 

Color pliangc 

Add j Alkaline 

Thymol blue 

Brom-phenol blue 

Brom-cresol purple 

Brom-cresol purple 

Brom-thymol blue . 

Phenol red . . . 

Cresol red 

Thymol blue. 

Cresol phthalein ... 

1 2-2 8 

3 0-4 6 

4 0-5 6 

5 2-6 8 

6 0-7 6 

6 8-8 4 
7.2-8 8 

8 0-9 6 

8 2-9 8 

Bed 

Yellow 

Yellow 

Yellow 

Yellow 

Yellow 

Yellow 

Yellow 

Colorless 

Yellow 

J^lue 

Blue-green ' 
Purple 

Blue 

Red 

Red 

Blue 

Red 


♦ This udsorptibn is due to the holdinK of the molecules of one compound against the surface of 
another compound. Probably the sonc of mfluence, where the molecules are oriented, is only one 
molecule thick. 
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Table 220. Relation between pH Value in Terms of Normality and the Coii<^ 
centration of Ionized Hydrogen in Completely Ionized Solutions of Acids 

or Alkalies 


Reaction pH Normality Grapis of H per Liter 

‘ Alkaline 14.0 N/1 (Alkali) 0.00000000000001 

Alkaline . ! 13.0 N /lO 0 . 0000000000001 

•Alkaline 12.0 N/lOO 0.000000000001 

Alkaline 11.0 N/1000 0.00000000001 

Alkaline 10.0 N/10000 0.0000000001 

Alkaline 9.0 N /lOOOOO 0 . 000000001 

Alkaline 8.0 N/1000000 0.00000001 

Neutral 7.0 N/l 0000000 (Neutral) 0 . 0000001 

Acid 6.0 N/1000000 0.000001 

Acid 5.0 N/IOOOOO 0.00001 

Acid 4.0 N/10000 0.0001 

Acid 3.0 N/1000 0.001 

Acid 2.0 N/l 00 0.01 

Acid.. 1.0 N/10 0.1 

Acid 0.0 N/l (Acid) 1.0 


The anions* present may determine the pH range over which the coagula- 
tion takes place; c. <7., Miller^ has shown that the SO4 ion produces a compara- 
tively good floe over a wide range of pH values. 

Coagulants. The coagulating chemical must be one which will be cheap, 
form an insoluble, flocculent precipitate which will have a large surface, and 
yet settle readily. The chemicals most commonly used are compounds of 
aluminum and iron . 

Sulfate of alumina, frequently though erroneously called alum,* is the 
most commonly used coagulant. It is usually basic; z.c., it contains more 
hydrate than will combine with sulfuric acid to form a neutral salt. Best 
sulfate of alumina contains 17.0 to 18.0 per cent, of AI0O3 — which should be 
in excess of the amount theoretically retjuired for the sulfuric, acid and not 
more than 0.75 i>er cent, of iron oxide (b'e-iOa). It should be furnished in 
lumps 0.75 in. to 3.0 in. in diameter for making solutions, or ground so that 
not less than 95 per cent, shall pass a \yoven sieve having 10 meshes per lin. 
in. and 100 per cent, shall pass a sieve having 4 meshes per in., for feeding dry.f 

For' treating certain waters sulfates which are only slightly basic are best. 
Acid sulfates are difficult to ship and use. Where a low pH value is demanded 
for coagulation, it is better to add acid separately. 

In 1915, C. P. Hoover of Columbus, Ohio, began making crude sulfate of 
alumina by dissolving bauxite in sulfuric acid, using a pug-mill for complet- 
ing the reaction and afterward discharging and drying' the product upon a 
concrete floor. This chemical has displaced the commercial product in many 
plants. The objection to its use is the relatively large amount of inert matter 
which it contains and whose source is the natural bauxite. In many plants, 


especially the larger ones, it has effected marked economies. The bauxite 
used should contain not less than 54 per cent. AI2O3; not over 5 per cent* 
Fe208; and not ovei* 3 per cent. Si02. The commercial sulfuric acid used 

* A solution dissolved by electrolysis into ions and anions, positive and negative, respectively: 
R*S04 « H* + SO*. . ^ 

t For all chemicals for treating water, use specifications prepared by American Waterworks 
Association. See Manual of American Waterworks Practice. 1926. p. 707, 
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should have a specific gravity of about 1.706 (60°i36.) and not less than 1.648 
(57® B4.)2* Crystallization may be avoided by feeding solution. 

The theoretical maximum alkalinityf computed as CaCOa that can react 
with 1 g.p.g. (grain per gallon) of ordinary 17.5 per cent, sulfate is 8.2 p.p.m., 
or 1 p.p.m. of alkalinity to 2.08 p.p.m. of sulfate. In practice, reduction in 
alkalinity may be as low as 60 per cent, of theoretical or 5.0 p.p.m. to 1 g.p.g. 
of sulfate. CO 2 set free by the reaction with the alkali in water averages 
8.4 p.p.m. to 1 g.p.g. (1 g.p.g. = 17.12 p.p.m.). 

Colloidal clay absorbs some added coagulant and pi'oveiits it from reducing 
the computed amount of alkali. As color and turbidity decrease and as alka- 
linity and time increase, tlie theoretical reduction of alkalinity is approached 
and finally all the sulfate is replaced by carbonate, which latter hydrolyzes 
with the production of aluminum hydrate, Al 2 (OH) 6 . The chemical reaction 
is illustrated as follows: 

AUBO 4 ), + SCaCOa, H 2 CO 3 = AUOH), + 8(^aB(), + 6 CAh 

The reaction- betwei'ii sulfate of alumina and water is a tinu^ leaction and is 
retarded by cold.' 

Many very highly colored waters^ like that of the Cireat Rwamp, in the Souths 
which have a carbonate alkalinity of 9, a low pIJ value, and a color of 150 
p.p.m., are often really acid with vegetable acids. J Addition to this water of 
up to 1.5 g.p.g. of sulfate of alumina produced no apparent reaidion in 24 
hr. A further addition, up to 2.5 g.p.g., removed a large proportion of color, 
I)ut addition of more tlian 4 g.p.g. could not reduce (;olor below 25 p.p.m. 
To decolorize such waters completel.y, either the bulk of the ])recipitatc must 
be increased by addition of more sulfate with alkali to react with it, or by 
the addition of chlorine. An excess of sulfate of alumina lightens the color 
of natural water; an excess of alkali deepens it. Thg amount of color which 
can be removed by the same dose of sulfate of alumina varies greatly with 
tlie character of the coloring matter. (Sei; also H-ion Concentration, p. 651.) 

Chlorine, RometiiiK's compounds of iron and <*(jloring matti^r exist in water; 
such cannot be comjih'tcly decolorized by sulfate of alumina alone. In some 
cases the greaba* part of this residual (‘olor may be removed by treating the 
water with Cl before adding the sulfate. At Exeter, N. IT., in 1014, the 
addition of an average of 0.5 p.i).m. of chlorine to the raw water with an aver- 
age of 32.8 p.p.m. of sulfate of alumina, reduced the color from an average 
of 56 to an average of O.O p.p.m. During the jn’evious year, without the use 
of chlorine, color could not be reduced l)elow 27 parts, even with an increased 
dose of sulfate of alumina. § This experience has been repeated at Belfast, 
Me., where an impounded reservoir water is treated, and at the Arlington 
Mills, Lawrence, Mass., where the Rpicket River, which has had a color as 
high as 180 p.p.m.; is treated; also at Louisville, Ky., Avalon, Md., Newport 
News, Va., Virginia Beach, Va., Davenport, la., London, Eng., and elsewhere. 

* Natural aluminum hydrate or hydrated oxide.. 

j^^lkalinity: the dissolved caT-bonatoB and bicarbonates of calcium, niaKnesiuin, sodium, etc. 

^Squic vegetable acids are weak and react alkaline with litmus, methyl orange, erythrosiiie, and 
other indicators of relatively high acidity; they react acid to phenolphthalein and other indicators 

* §'secf *abo Gammage, B. N. B, Sept. 7, 1022, p. .301; Weston, *‘lTse of Chlorine to Assist Coagu- 
lation,” J. A. W. W. A., Vol. 11, 1024, p. 440; Howard, “Modified Prc-chlorination Treatment,” 
Can. JBna./Feb. 2a. 1924, p. 283, 
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In Belfast, during the winter, it is impossible to reduce the color sufficiently 
or even to coagulate the water completely without the addition of chlorine. 
At the Arlington Mills, the color was reduced during June, 1915, from an 
average of 83 p.p.m. to an average of 10, the dose of chemicals being 62 p.p.m. 
of sulfate of alumina, 10 of soda, and 0.1 part of chlorine. Without chlorine, 
reduction of color to 10 p.p.m. or less was impossible. At certain other 
places the use of chlorine to aid coagulation is of no advantage. 

Ferrous sulfate in conjunction with lime is a good coagulant for turbid, 
alkaline waters such as those of the Missouri and Ohio basins. Its formula is 
FeSOa, 71120. The best form, known as ^^sugar of iron” or sugar sulfate,” 
is partially dehydrated and contains over “100 per cent.” of sulfate calcu- 
lated as FcS04, 7HvO and less than 1 per cent, of foreign matter. Ferrous 
sulfate forms a coagulum of greater specific gravity and is considerably 
cheaper than sulfate of alumina. On the other hand, it must be used in 
conjunction with lime. The addition of two chemicals rocpiires greater, and 
more skilful, sui)ervision than the use of one. But the addition of lime 
where temporary hardness is high softens the water. Ferrous sulfate and 
lime cannot be- well used with waters which are liigh in color or which are 
alternately turbid and colored. Neither can they be well used with soft waters, 
because any suri)lus lime would give the water a caustic alkalinity. 

The reaction is (complicated, but may be given as follows: The sulfate 
I’eacts with the bicarbonatccs in the water forming ferrous biccarbonate, viz: 
FeS()4 + CaOOsnoCOs = l^^eCOsH-jCXJa + CaS()4. This would oxidize and 
preci|)itate too slowly for any practical use. In'nie must be added to absorb 
th(‘ ('02 and complete the reaction, 

FeCOsIloCOa + Ca(0ri)2 ==Fe(01f)2 + (JaCOaioC^Oa. 

The Fe(OII)2 formed is^i gelatinous precipitate similar in action to that pro- 
duced by sulfate of alumina. It is, however, slightly soluble, but l)y oxida- 
tion is changed into the insoluble fccrric hydrate, whi(c]i is the 

coagulant desirccd. A slight exetess of dissolved oxygen is needcHl to convert 
ferrous to ferric hydrate. Iron ba(cteria are apt to grow in sulfate solu- 
tions, even those containing from 2()()() to 4000 p.p.m. of Fe. Fe2(OH)6 
can be precipitated directly by the addition of ficrric sulfate* (P'e2(S()4)6 
+ 9II2O), but the clicmical has been too co.stly and does not react witli color- 
ing matter so well as the basic sulfate of alumina. Hulfate of alumina may 
contain a small amount of ferric sulfate (“alumino-ferric ”) without reducing 
the efficieiKcy of the coagulant for moderately hard turbid waters. 

Barium carbonate is used in removing non-carbonate hardness from water. 
It is marketed in the form of a white powder (see p. 685). 

Sodium chloride, common salt, is used to regenerate Zeolyte (see p. 686). 
The chemical should contain less than 0.5 per cent, of suspended matter. 

Limef is used for water softening; for an alkali with ferrous sulfate and 
sulfate of alumina; and to neutralize acid waters. Pure lime has thelormula , 
CaO, but ordinary building lime may contain as little as 75 per cent, jPor 
water softening, the standard lime should contain 88 per cent, of soluble 
CaO, and preferably more than 90 per cent. The pnisence of calcium caiboh- 

* Sold to dyers as “Nitrate of Iron.” 

t For volumes and weights, see p. 677, 
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ate, CaCOa, is not disadvantageous for neutralizing acid waters. Lime should 
be fresh and crushed or ground into lumps smaller than 2 in. diam. The so- 
called *'pea lime'' is being used. It should be stored in tight. bins to prevent 
air-slacking. ' 

Hydrated lime is quicklime which has been slaked by steam. It is more 
convenient to use than quicklime, especially for dry feeding. It does not 
require slaking, and is usually purer than most quicklimes. Hydrated lime 
costs more than quicklime, largely because of its increased weight (32 per cent.) 
due to hydration, and consequent increased freight charges. 

Soda ash,* anhydrous sodium carbonate (Na 2 C 03 ), containing not less than 
58 per cent. Na20 or 98 per cent, of NaiX'Oa, is used to furnish alkali to waters 
which are deficient therein and to soften water having ^‘permanent" or “min- 
eral acid" hardness. It should be furnished in powdenkl form containing no 
large lumps or crystals, and not more than 0.5 per cent, of matter insoluble in 
distilled water, Theoreticallj^, 1 part of sulfate of alumina requires 0.5 
part of sodium carbonate to precipitate it. With soft, colored waters, only 
about one-half of the theoretical amount should be added lest the color be 
redissolved. If double the theoretical amount be added to hard waters, no 
free CO 2 is formed. Soda ash is the best alkali to use in small plants. It is 
more convenient than lime and requires a shorter period of coagulation. Its 
cost is usually more than three times that of lime, for c(iual weights. 

Sodium silicate is used to protect metals against corrosion. See p. 661. 


Table 226. Average Quantities of Sulfate of Alumina (17.6 Per Cent.) Required 
to Coagulate Waters of Various Turbidities f 


Turbidity, 

p.p.m. 

Basic sulfate of alumina : 17.5% AI 2 O 3 required | 

Parts 

per 1,000,000 

Gra. per gal.^ 

Lbs. per 1.000,000 gal. 

Av. 

Max. 

Min. 

Av. 

Max. 

Min. 

Av. 

Max. 

Min. 

Under 10 

10 

17 

5 

0.00 

1.00 

0.30 

86 

143 

43 

15 

14 

20 

8 

0.83 

1.19 

0.48 

119 

170 

69 

20 

17 

22 

11 

1.00 

1.30 

0.61 

143 

186 

87 

40 

19 

25 

13 

1.12 

1.47 

0.74 

160 

210 

106 

60 

21 

28 

14 

1.21 

1.61 

0.83 

173 

230 

119 

80 

22 

30 

15 

1.29 

1.74 

0.90 

184 

249 

129 

100 

24 

32 

16 

1.39 

1.87 

0.96 

199 

267 

137 

120 

25 

34 

17 

1.45 

2.00 

1 .01 

207 

286 

144 

150 

27 

37 

18 

1.59 

2.18 

1.07 

227 

311 

153 

200 

1 

30 

42 

19 

1.76 

2.47 

1.14 

251 

353 

163 

250 

33 

47 

20 

1.92 

2.74 

1,19 

274 

391 

170 

300 

36 

51 

21 

2.08 

2.99 

1.23 

297 

427 

176 

400 

39 

62 

22 

2.25 

3.60 

1.28 

321 

614 

183 

500 

42 

70 

23 

2.45 

4.08 

1.33 

36b 

. 683 

190 

600 * 

47 

77 

24 

2.75 

4.50 

1.37 

393 

643 

196 

700 

50 



24 

2.92 

...... 

1.41 

417 


201 

800 

53 

~ — 

25 

3.06 

— 

1.45 

437 



207 

900 

65 

— 

26 

3.19 

— 

1.49 

466 

— 

213 

1000 

56 



26 

3.28 

— 

1.52 

469 

— 

217 


* For volumes and woights, see p. 677. 

t Gonsiderably less coagulant is required for some waters if slow stirring or mixing followii 
addition. 
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Quantities of Coagulant The quantities of sulfate 0 / aZt^mina required 
vary greatly with the water. Silt and colloidal coloring matter on the verge 
of precipitation, require but little coagulant. Freshly dissolved vegetable 
coloring matter and colloidal clay require much greater amounts. The turbid 
and slightly colored waters of South Atlantic seaboard are examples of tHe 
first class; the waters of swamps and the Mississippi River at New Orleans 
are examples of the second. Contaminated waters of low turbidity and color 
require, for the removal of bacteria, a larger dose of sulfate of alumina than 
necessary to coagulate the water. When waters of high color or turbidity 
are sufficiently decolorized or clarified, removal of bacteria is adequate. 
It is best to determine the required quantities of chemicals by means of a 
number of laboratory experiments with samples of the water to which various 
amounts of coagulant have been added, the results noted and the best com- 


Table 227. Average Quantities of Sulfate of Alumina (17.6 Per Cent.) Required 
to Coagulate Waters of Various Colors 


Color, 
p p.m. 

Average aiilfate of alumina requked j 

Parts per 1,000,000 

Grs. per gal. 

1 Pbs. per 1,000,000 gal. 

10 

13 

0.76 

108 

20 

16 

0.93 

133 

40 

26 

1.52 

217 

60 

33 

1.93 

276 

80 

40 

2.34 

334 

100 

44 

2.57 

367 

120 

48 

2.80 

400 

150 

54 

3.15 

450 

200 

64 

3.74 

534 


Table 228. Average Quantities of Ferrous Sulfate and Lime Required for Various 
» Turbidities 


Turbidity 
of settled 

Cincinnati (1913-14) 

New Orleans (1913 - 14) 









water 

Ferrous sulfate 

Lime 

Ferrous sulfate 

1 Li mo 

P.p.m. 

P.p.m. 

Lbs., mg. 

P.p.m. 

Lbs., mg. 

P.p.m. 

Lb.s., mg. 

P.p.m. 

Lbs., mg. 

50 

30 

247 

14 

120 


■jH 



100 

35 

289 

16 

138 

0.3 


56 

471 

150 

37 

310 

17 

145 

0.9 

■9 

65 

543 

200 

40 

333 

18 

151 

1.2 


70 

582 

250 

42 

353 

19 

160 

1.5 

■9 

74 

617 

300 





1.9 

16 


640 

400 





o 7 

23 


683 

500 





3.6 

30 


709 

600 





4.3 

36 


732 

700 





5.0 

42 


748 

800 





5.8 

48 

91 


900 





6.5 

54 

92 

772 

1000 





' 7.4 

61 

94 

783 

1200 





8.9 

74 

97 

808 

1400 





10.4 

87 


832 

1600 





11.8 

98 


852 

^ 1800 





13.4 

111 

105 

877 

2000 





14.9 

124 


898 











Table 229. Costs of Chemicals Used as Coagulant per 1,000,000 Gals, of Treated Water 
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bination and optimum pH valuo selected. When making such experiments, 
the effect of slow stirring, at velocities just high enough to keep the floe in 
suspension, should be carefully observed. (Tables 226 and 227.) 

■Quantities of ferrous sulfate and Iwie vary greatly. Addition of lime 
alone, particularly to waters high in magnesia, may coagulate the water more 
or less perfectly, thereby reducing the dose of ferrous sulfate required. 
Table 228, based on experience at (h'nciniiati, arid New Orleans (101 3-1 914), 
gives the average quantities of ferrous sulfate and lime required. For 
quantities of chemicals required to soften water, see p. 08.S. 


Table 230. Solubilities of Certain Calcium and Magnesium Salts* in Water at 

Various Temperatures 



CiiCOa 121 

Ca (011)2 

CaS04 22 


drams per 100 

Oram.s per 100 

CSranirt per 100 


t'.c. of water 

graiHH of wsi ler 

c.r. of water 

0 

0.081 

0.185 

0.1759 

10 

().()7() 

0.176 

0.1928 

20 

0.065 

0.165 

0.2034§ 

30 

0.052 

0.153 

().2()!)() 

40 

0.044 

0.141 

0.2097 

50 

0.038 

0.128 

0.203S§ 

60 


0.116 

0.1972 

70 


0.106 

0.1891§ 

0.1802§ 

80 


0.004 

90 


0.0S5 

0.1710§ 

100 


0.070 

0, IC19 


* Value interj>()lat(^d from Dupre and Bisdas^^ for solubility of Mg(()H) 3 : 0.000 gram jx-r 100 
o.c, of water. (’Conduotivity iiK^thod.) 

t The solubility of CaCOa varie.s gnuitly with the partial pre.s.sure of earboii dioxide in the ttir 
with wdiieh it is in contaet. ]^ells expcrinionted with water containing 3.02 to 3.27 p.p.in, CO 2 . 

J Av<*rag(^ curv(; from several publish(;d result.s. 

§ Interpolated results. 


Efficiency of coagulation, is dependent upon (a) the thorough dispersion of 
the applied chemical through the water and (/>) the optimal exposure of the 
adsor[)tive surfaces of |)recipitat(‘d chemicals to the bacteria and other matters, 
suspended and dissolved, which form floes with the applied chemicals. 

This dispersion of the clicmical necessitates its thorough admixture with 
tlie water. Tin; jirocess of flocculation involves time for liringing the surfaces 
of the floes formed into contact with the matter to be removed. Ultimately 
an equilibrium is established lietwceii the various facitors. The time factor 
usually afforded by a period of detention in a coagulating basin may be reduced 
by producing contact artificially by slow mixing. 

The ideal is to produce dispersion by violent initial mixing and then circu- 
late the water slowly througli the coagulating basin (velocity 0.15 to 0.60 ft. 
per sec.) arranging to leave th6 requisite amount of floe in the w'ater applied 
to filters. Practically mixing may be accomplished by channels provided with 
bafiles, orifices or a combination of both; mixing tanks provided with mechani- 
cal agitators; by passing through pumps, and by the hydraulic jump. Baffled 
channels require from 1.0 to 3.0 feet head dependent upon construction. No 
head is lost by passing through pump. For losses in Venturi throats see 
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461. Ellms* * at Milwaukee'^ and Hoover f at Coluiiibus^s showed that the 
hydraulic jump may be successfully employed with losses in head as low as 
0.76 ft. 

Mixing tanks for flocculation are usually equipped with slowly-moving 
paddles for stirring the water as it passes through the tank. A mixing tank is 
more flexible and is more easily cleaned than a baffled basin. Examples are 
at South Pittsburgh, Newark, O.,'® Springfield, 111., Columbus, 0.,i® and the 
Glenlyon Print Works, R. I. ^Wortex” tanks, in which the inlet pipes enter 
circular tanks tangentially, thereby imparting a circular or spiral motion to the 
water, are in use at Providence, 20 R. I.^ West Palm Beach. Fla., and Oshkosh, 
Wis. 

The Dorr Agitator, t a form of mixing tank, used at Springdale, Pa., and 
elsewhere, consists of a suitable tank containing a slowly revolving mechanism, 
which allows the coagulated particles to settle to the bottom where they are 
scraped to the center and, by means of an air lift, elevated through a hollow, 
vertical, central shaft, and distributed evenly over the surface by revolving 
“launders” wliereby a continuous, evenly distributed circulation is kept up, 
and motion is maintained within the mass, and not only near the bottom and 
sides, as is the case with tanks provided with insufficient rotating paddles, or 
paddles operated at too low speed. Another form of this device uses a slowly 
revolving proi)eller in a central well instead of the air-lift. 

Period of Coagulation. With some waters violent mixing following by a 
short coagulation period suffices, but in most cases coagulation recpiires more 
time, from 1 to 6 hours. The usual practice is to mix for a definite period and 
then to pass through coagulating basins holding, for treating with sulfate of 
alumina, the flow for 0.25 to 6 hours, and, for lime-soda treatment, the flow for 
4 to 12 hours. Much better results can be obtained wdtli most waters by 
stirring the treated water 15 to 30 minutes at a velocity just sufficient to keep 
the floe in suspension, but not great enough to cause them to disintegrate 
(under which conditions the floes increase in sisse),^® and following this treat- 
ment by a period of (;oagulation of 2 or 3 hrs., rather than depending on a 
longer period of coagulation alone. Certain waters deflocculate when stored 
too long after slow mixing. Factors which determine the period of coagulation 
are the pH value of the treated water, the character of the suspended matter, 
the kinds and amounts of the salts in solution, the temperature and the quan- 
tity of coagulant applied. The optimal .velocity in the coagulation basin 
varies from 0.1 to 0.2 ft. per sec. for soft, colored waters, to 0.4 to 0.7 ft. per 
sec. for hard ground waters, to as high as 1 ,5 ft. per sec. for turbid, hard surface 
waters. Low velocities must be maintained between coagulating basins and 
.filter^. 

Slow vs Rapid Filtration. The period of coagulation for waters purified 
with modified slow filters, c.g., Washington, D. C., should be long enough to 
effect the practically complete ‘removal of all coagulant in the basin; usually 
24 hr. is more than ample; with mechanical mixing or stirring a shorter period 
will suffice. Rapid filtration depends for its effectiveness upon proper coagu- 
lation Waters for rapid filters should not be given so long a period of coagu- 

• For cWelancl studies, see Waicr Wof***, July. 1926, 323. 

t For us^ at Bay City, Mich., iee E. N. R.. Apr. 29, 1926, p. 682. 

11 ^ 
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lation that all floe will be precipitated in the coagulating basin, and none left 
to form a suitable film in the filter. 

Relation between Treatment and Corrosion. Most filtered surface waters 
are saturated with oxygen and when coagulated at the optimum hydrogen-ion 
concentration {pH 5,0 to pH 6.0) they will corrode water pipes and other 
metal surfaces, causing what is known as ^'red water To prevent this, the 
pH value of the water may be raised prior to distribution. This is commonly 
done by the addition of lime or soda^ as it enters the filtered water reservoir.* 

Recently sodium silicate] has been used in England and in the United 
States (Milford, Mass.), to prevent corrosion. This chemical is decomposed 
by free carbon dioxide depositing a silicious protective coating on metal 
surfaces. At Milford-IIopdale, Mass., the addition of 3 to 4 p.p.m. commer- 
cial silicate containing about 38 per cent, silicon dioxide (Si02) inhibited the 
solvent action of the water of lead services more effectively than the addition 
of 11 p.p.m. quicklime, and without increasing the hardness of the water or 
robbing it of its agreeable carbonic acid. See Weston, J. A. W. W. A. Vol. 15, 
1926. 

DISINFECTION 

Disinfection is practiced to destroy disease germs. Total destruction of 
all bacteria by sterilization is not usually necessary. Proj)er filtration should 
give a water free from harmful bacteria, but as an additional precaution 
it is customary to treat tbe filtrate with a disinfectant. While the disinfection 
of the water is highly desirable, it is only an added safeguard and not a substi- 
tute for proper and efficient filtration. Disinfection may be accomplished 
by heat, light, application of chemicals including ozone, and by ultra-violet 
rays. 

Heat is an efficient disinfecting agent, but too costly where large volumes 
have to be treated; boiled water has a flat, insipid taste, caused by the loss of 
dissolved gases. To sterilize water completely, it should be boiled J Hr.; 
disinfection may be accornphshed by heating to 60®C. for 16 min. or by 
boiling for a shorter time. Sterilization may be accomplished also in steri- 
lizers designed on the countercurrent principle. In the Forbes sterilizer, 
the water is slowly heated, boiled a few seconds, and then cooled again. The 
hot water leaving the sterilizer is cooled by the raw water entering. The 
flow of water is induced by the expulsion of part of the water during the act 
of boiling; consequently there is no flow through the apparatus when the heat 
is shut off. Water must be heated to the boiling point to pass through the 
apparatus. The original dissolved gases and taste of the water are retained 
and the temperature raised less than 7®C. (13®F.). 

Light. Sunlight exerts a powerful germicidal action on bacteria in the sur- 
face waters of reservoirs. This action, even in clear waters, is of no importance 
at depths of more than a very few feet, unless the water be in active circulation 
and the action of light be exerted on successive surface layers. Light has 
no practical effect in turbid or highly colored waters. 

♦ The optimum vH value for coagulation is frequently less than 6.0, while the pH value to inhibit 
corrosion may be as high as 8.0. Consequently alkali may not be added to water before ftltratloa 
in such cases. . < 

t Kupwn as water glass. 
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Chloiine* is the most widely used disinfectant. It is supplied in the 
liquid form or combined with lime or soda as bleaching powder or sodium 
hypochlorite. It has both germicidal and oxidizing properties. 

Bleaching powder sometimes called chloride of lime, chlorinated lime, 
or calcium hypochlorite, is made by saturating quicklime with chlorine. It 
is an active sterilizing and oxidizing agent and usually contains 30 per cent, of 
impurities, chiefly lime and water. It loses strength rapidly if exposed to 
the air. Its available ingredients have the formula CaCU + Ca(OCl)2. The 
CaCl-i is inactive, but the Ca(OCl)2 is decomposed by the carbonic acid in the 
water into hypochlorous acid (TTOCl) and CaCOs. The former compound is 
unstable and gives up its oxygen to organic matter with the production of 
hydrochloric acid, which latter is neutralized by the alkalinity of the water. 
Strength of bleaching powder is measured in terms of available chlorine. The 
actual oxygen liberated according to the formula is 22.5 per cent, of the avail- 
able chlorine. Bleaching powder should contain not less than 35 per cent, of 
available chlorine. 

Sodium, hypochlorite^ prepared by electrolyzing a solution of sodium chlo- 
ride, has been used in place of a solution of bleaching powder. The brine to be 
electrolyzed is led through a special electric (jell where a complicated reaction 
takes place. Which may be partly represented by the following formula: 

NaCl + IIoO + current = NaOCl + Ho 

The solution discharged from the cell may be applied to water like any other 
chemical solution. One hp. per 24 hr. can produce from 10 to 12 lb. of 
chlorine, as NaOCl, reciuiring the use of 25 to 30 lb. of salt. 

Chloramine disinfection! has received considerable attention. The 
process consists in combining bleaching powder with ammonia just before 
applying it to the water to be treated; resulting in thg following reaction: 

2CaOCh> 4- 2NH4OH = 2NTI2 CI + 2TI./) + CaCl.2 + CaO.Hz 
Bleach Ammonia Chloramine 

While efficient, and while possessing some advantages over chlorine, chlora- 
mine is more difficult to apply and more exj)ensivc. 

Chlorine gas is the most convenient and most used disinfectant. It ia 
a greenish-yellow gas, easily compressed to a licjuid. Under a pressure of 6 
atmospheres, it liquefies at 0°C. The use of chlorine gas as a sterilizing agent 
was introduced by Maj. (\ R. Darnall in 1910. It is marketed in cylinders 
containing practically pure chemicals. These cylinders hold from 50 to 250 
lb, of chlorine. Larger cylinders and tank cars have been suggested for 
large users. Pressure in the cylinders varies between 50 and 100 lb. per 
sq. in. The application of chlorine gas is much more facile than the applica- 
tion of bleaching powder; the apparatus requires much less room, and the dis- 
comfort and corrosion due to dust and fumes are avoided. Chlorine gas 
ma3^ be produced by the electrolysis of brine in special cells and frequently 
at a considerable saving in cost. There are installations at Montreal, Little 

information see Race, “Chlorination of Water” (Wiley, 1918); also E. B. 
PhelSi. “ Chlorination of Water and Sewage,” J. Boston Soc. CD. E., Vol. 23, No. 2, 1926. 
t The other halogens, bromine, fluorine, and iodine, have analogous properties, 
t See Hale, “The Chloramine Process as Applied to the Catskill Water.’’ J. A, W, W. A.. Vol. 
64 1^19, p. 804. 
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Falls, and elsewhere. Theoretically, chlorine gas is three times as strong as 
bleaching powder; in practice, it is difficult to use all the chlorine in bleaching 
powder; 1 part of chlorine gas may do the work of 4 or 5 parts of bleaching 
powder. Chlorine gas costs from four to six times as much, but this cost is 
likely to decrease- with the demand and economies in manufacture. The cost of 
disinfecting water with chlorine gas varies between 10 cts. and 50 cts. per mg. 
Ordinarily from 0.2 to 0.5 p.p.m. of chlorine is sufficient to disinfect a water, * 
although some waters require more. Gas masks should be provided where 
chlorine is applied under pressure. 

Chlorination Tastes and Odors.* Chlorination has at times been the 
apparent cause of ql)jectional)le tastes and odors in the water. These tastes 
and odors are of tliree kinds: (1) tastes and odors of the elilorine itself pro- 
duced by overdosing; (2) tastes and odors caused by the killing of microscopic 
organisms, liberating the essential oils, and by the production of organic 
compounds by the reaction between chlorine and soluble organic matter present 
in the water; (.‘1) combinations of chlorine and organic compounds, e.g.y 
phenol, acetone, and vegetable matter. Lederer and BachrnannS state that 
0.0 p.p.m. is smallest quantity of Cl which can be detected by the ordinary 
observer. Tlie i)roper amount of elilorine can be controlled by maintaining 
from 0.1 to 0.3 (usually 0.2) ]).p.m. excess after 5 min. absorption. f 

]iy using an excessive dose of (ddorine on the Catskill supply in New York 
City, tastes and odors due to tlic killing of Synura were destroyed.® 

Objectionable taste due to the compounds whi(‘h chlorine forms with 
organic, matter may be avoided: (1) by the proper proportioning of the dovse; 
(2) by storage and aeration after treatment, whicdi gives an opportunity for 
the decomposition of the objecdionalile chlorine compounds; (3) by filtration; 
(4) by the addition of sodium thiosulfate, after a sufficient time has elapsed 
to enable the chlorine io act. Thiosulfate neutralizes chlorine action. 


Table 231. Weights of Chlorine t 


Datum 

(fUseouH (!hlonm*§ 

Li<iuirl chlorine 

Specific gravity (At; Wt. ™ . . . 

W^eight of 1 liter 

:T221 (Ah = 1) 
3.221 grm. 

0.201 lb. 

1 44 (Water = 1) 
1440 grm. 

89 . 752 lbs. 

Weight of 1 cu. ft 

Weiirht of 1 cal 

0.0269 lb. 

11.999 11)8. 



One voluiiHJ of chlorino is equivalent to 444.4 volunu's of chlorine gas. 


Table 232. Solubility of Chlorine^ 


Temperature 

Solubility ratio by|l 
volume 

Pounds of chlorine soluble in 
1,000,000 gals, of water 

C." 

F.° 

10 

50 

3.095 


20 

68 

2.260 1 


30 

1 

88 1 

1.769 

' 



♦See “Problems in the Chlorination of Water/’ A'. ./V. /tf., Vol. sp lyj 
T See Papers by Wolman, Jl. Ind. Eng, Che7n., Vol. 11, March, 1919, and 
, C39; and Hale. J, A. W. W, A., Vol. 10, 1923, p, 247. 
t Smithsonian Tables, 1921. 

I Atmospheric pressure, sea level 32®F. 

II Sec also Seideirs “ Dictionary of Solubilities,” 1919. 


pp. 392, 
A. N, R.,2 
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^ Temperature, Degreed C 

Fig. 258 — Solubihtu s of various baits in water at various t®C 
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C(>A^^ AND mM^ECTION^ 

Ozone is applied in the form of ozonized air, made by the silent discharge of 
electncity in a space through which a current of air passes. The air inust be 
dried by refrigeration or other means before ozonization, and the ozonized air 
must be mixed with the water intimately, by absorbing towers, atomizing 
sprays, or multiple diffusers. The process is ideal in that sterilization is 
effected without the addition of any foreign matter. The largest installations 
are in Petrograd and at St. Maur waterworks, Paris. Devices for producing 
ozone are expensive and the cost of treatment is high. The process is ineffi- 
cient when the water is turbid or colored, and the treatment of a well-purified 
filter effluent is seldom necessary. As a disinfectant, ozone is far inferior in 
efficiency and economy to chlorine. 

Ultra-violet Rays. Ultra-violet, rays from a mercury vapor quartz lamp 
will sterilize water completely and rapidly — provided it be exposed to the rays 
in thin layers — contains no interfering turbidity or color, and is not supersatu- 
rated with gases. Ultra-violet rays not only destroy bacteria in the vegeta- 
tive stage, but spores as well. The lamps employed are so constructed that 
nearly all the light produced will enter the water. Usually a number of lamps 
are inserted in a properly baffled casing so as to give the water a number of 
exposures between inlet and outlet. Water may be overdosed with ultra- 
violet rays with impunity. The method has been used in Marseilles, France, 
since 1910, and has been employed in the United States especially for sterilizing 
spring and bottled water. Ultra-violet rays cannot compete with chlorine in 
cost. According to von Recklinghausen,* water in large plants would require 
a current consumption of from 50 to 125 kw.-hr. per mg. Ultra-violet rays 
and ozone are ideal for the treatment of small volumes of clear water, where 
the cost of operation is not an important consideration. Details of apparatus 
may be obtained from the R. U. V. Co., New York City. 

Iodine.i7 Vergnou}^ recommends a 10 per cent, solution, with 0.5 per 
cent. KI in 80 per cent, alcohol. Five drops of this solution is sufficient for 
1 liter of water. A few drops of saturated sodium thiosulfate solution des- 
troy the excess iodine. Penan added a special tablet, containing 0.85 g. of 
iodine, to 200 liters of water. After 30 min. action, 2 g. of sodium thiosulfate 
are added to neutralize the residual iodine. 

ALGICIDES 

Copper Sulfate. The commercial salt has the formula CuS 04 + 5 H 2 O, 
and is known as ^‘blue vitriol.'^ Ferrous sulfate containing 1 per cent, of 
copper sulfate has been used at Marietta, Ohio, as a coagulant. Ten p.p.m. 
of copper sulfate will destroy Bact. coli. 

Doses of co'p'per sulfate required for different organisms, according’ to 
Kellermann* are given in Table 241A. Doses should be increased or decreased 
2.5 per cent, for each ®C. below and above 15®. If organic matter and alka- 
linity be high, or if carbonic acid be low, the doses should be increased further. 
Kellermann recommends the limits given in Table 241 A. Combinations 
of copper sulfate and chlorine have been used effectively for the disinfection of 
swimming pools, as well as for killing microscopic organisms. Dr. F. E. Hate;; 
reports deathpf trout on application (to Esopus Creek, N. Y.) of 0.4 p.p.m* 
fiijuid chlorine, thoroughly mixed. Use of 1 p.pum. available chlorine in 
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Croton system drove away trout. Weigelt states that 0.5 p.p.m. chloride 
of lime (0.17 p.p.m. chlorine) kills trout in 3 hr. Goldfish are very sus- 
ceptible to change of water constituents. Schwartz and Nachtigall, Ham- 
burg, report eels, goldfish and perch unaffected up to 1.6 p.p.m. available 
chlorine in 6 days (18®C.), 2.5 p.p.m. killed them on second day. 8 p.p.m. 
HCl kills sunfish and bull minnows in 40 hr.; 12 p.p.m. H2SO4, in 24 hr.i® 

Table 233. Safe Limits for Treating Water with CUSO 4 to Prevent Killing Fish 


Name of fish 

Parts per 
million 

Pounds per 
mill. gals, 
(approx.) 

Name of fish 

Parts per 
million 

Pounds per 
min. gals. 

tapprox.) 

Trout 

0.14 

1 1 9 . 

Pornh 

mm 

6.0 

Carp and Suckers 

0 30 


Simfinh 

1.20 


Catfish and Pickerel. . . . 

0.40 


Black buss 

msm 


Goldfish 

0.50 






Applying copper stilfaio is usually effected by placing in a bag, perforated 
bucket, or wire basket, attached to a rope and dragged back and forth at the 
stern of a boat. One or more bags may be used at the same time. Speed of 
boat and rate of addition of chemical to the bucket or bag may be so regulated 
that not over 100 lb. will be dissolved in an hour. The boat should move fast 
enough to avoid too great concentration near the bag, that the killing of fish 
may be avoided. It is better to apply the chemical when the wind is blowing. 
Before applying, the body of water should be roughly surveyed in sections, 
and the volume and dose for each section determined. 

APPLICATION OF CHEMICALS* 

Principles. It is essential tliat the chemical or disinfectant whether added 
in solution, in the dry, or in the gaseous form, be accurately proportioned to 

the quantity of \fatcr treated. The flow 
of the treated water being known, the 
dose of cliemi(;al may be varied by hand 
from time to time, or automatically by 
numerous devices. 

The entering chemical should be 
mixed quickly with the raw water. 
Diffusion assists this process materially. 
See Mixing^ p. 660. 

Solutions, Reciprocating Pump. 
Where a reciprocating pump is used to 
lift the water, a small coagulant pump 
may be attached to the valve rod, or a 
Hodkinson, variable-stroke, synchronous, 
chemical feed pump may be used. Figure 
259 shows this pump, which is a hydraulic 
pump actuated by the hydraulic pres- 
sure generated alternately from the two ends of the reciprocating pump • 
chamber. The stroke of this pump can be varied. Where the water to 
be coagulated is discharged through a pipe under pressure, the coagulant feed- 



Fig. 259. 
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pump may be operated by a turbine placed within the pipe. This device is 
not reliable for greatly varying flows. Where chemical solutions are discharged 
into pump suctions, a pump suction box furnished by makers of filter equip- 



K 

Fig. 260. — Allen chemical feeder. (Oshkosh, Wis.) 



Fig. 261. — Automatic chloromoter for sterilizing small water supplies. 

(Wallace & Tiernan Co,, Inc.) 

ment, can be used to prevent entrance of air. At Oshkosh, Wis., the pro- 
portional feeder^ actuated by the driving stem of a Kreutzberg meter, and 
shown in Fig. 260, is used. A similar meter-operated device for applying 
small volumes of solution (e.g., sodium hypochlorite) is shown in Fig. 261. 
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Orifice Tanks. Where co^ullant is added by gravity, the principle 6f an if 
.orifice discharging from a tanl in which tlie solution is maintained at a eon^ 
Stan t level, may be employed. One or more orifices can be used to discharge 
the solution into the pipe discharging into the water to be treated. Instead of 
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Fig. 262. — Proportional feed for constant flow. 

the orifices, one of the various feed valves or adjustable slots may be used. 
Small orifices or valves are liable to clog. Where the raw water is delivered 
at a constant rate by motor-driven centrifugal pumps, the device shown in 
Fig. 262 may be used. Hero the solution tank is similar to that used in the 

gravity-type feeder. The solution is dis- 
charged through an orifice box by a motor- 
driven pump which is started and stopped 
by the same switch which controls the 
raw-water pump. The solution overflows 
from the feed tank whenever the raw- 
water pump is operated. Attached to the 
feed tank is an outlet of some sort. The 
one shown in Fig. 262 consists of a flexible 
tube connected with a calibrated glass tube 
which can be raised and lowered on a 
graduated scale. This tube discharges into 
a pipe connected with the raw-water main. 
Whenever the raw-water pump stops, the 
coagulant pump stops also, the feed tank 
quickly drains and the flow stops; and vice 
versa when the raw-water pump starts. " 
Automatic feedk. The first automatic chemical feed dewes based on th0 
Vmturi meter were installed at Columbus, Ohio,. in 1908. In this 
thefts actual^ by the meter tube operated a cam, which in tuih 
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the orifice discharging from a constant-head tank. Recently, at Baltimore, the 
cam has been used to start and stop a small* electric motor, which in turn 
controls the raising and lowering of the plug in a circular orifice discharging 
from a constant-head tank. At Cairo, Egypt, the plug is raised and lowered 
directly by means of the cam. Figure 263 illustrates this type of apparatus. 

It is made by the Builders Iron Foundry. Earl devised similar equipment 
for New Orleans. 

At Toronto^ OnL^ Gore designed an effective device ff)r feeding large vol- 
umes of sulfate of alumina solution.*^ This device consists of the following ^ 
parts: (a) solution tanks for preparing a saturated solution of chemical; (6) 
diluting device for preparing solutions of varying strength at will; (c) a measur- 
ing tank for iirojiortioning the discharge of solution to the flow of water. 

The solution tanks provide for an intermittent supply of chemical and a 
constant supply of water. The diluting device comprises a large, hydrometer- 
like float, placed in a mixing tank, and controlling by its position, inlet valves 
for solution and diluting water, at top and bottom, respectively. The float is 
counterbalanced by a beam with sliding weight so that any desired concentra- 
tions of solution may be prepared by setting the weight. Because of the 
difference in specific gravity between solution and water, good mixing is 
obtained in the tank. The measuring tank consists of a vessel with an adjust- 
able orifice which is adjusted to the flow of water by means of a double elec- 
trical relay passing through a solenoid controlling the inlet and exhaust valves 
of an hydraulic cylinder, the piston of which connects with the rod for adjust- 
ing the size of the orifice. 

Effect of Chemicals upon Construction Materials. Strong solutions of 
sulfate of alumina, hypochlorite of lime, or bleach, rapidly corrode iron, 
steel, and copper, but brass, bronze, and tin resist well. Most woods are 
quickly destroyed, if unprotected. Dense Portland cement mortar, slate, 
pottery, paraffin, hard rubber and lead, are but sliglitly attacked, if at all. 

* Tanks holding acid coagvlant fioh4tio7is should be built of concrete or 
enamel-lined iron, and the pijiing should be of rubber, glass, earthenware, or 
acid-resisting metal. Phosphor-bronze, ^‘Duriron,’^ “Alcumitc^’ and Monel 
metal, withstand sulfate of alumina well. Alkaline solutions may be stored 


Table 234. Rates of Flow of Chemical Solutions of Various Strengths for Various 

Rates of Filtration 


U. S gallons 

Gallons of chemical solution per min to add 10 parts of chemical per 
million • 

24 hours 1 

Mm 

1% 

2% 

3% 

4% 

6% 

0% 

10% 

V 

250.000 ! 

600.000 1 
1,000.000 

1.500.000 . 

2.000. 000 i 

2.500.000 

8.000. 000 1 

4.000. 000 \ 

6.000. 000 \ 

7.600.000 1 
10,000,000 
20,000,000 

174 

347 

694 

1,042 

1,389 

1,736 

2,083 

2,778 

3,472 

6,208 

6,944 

13,889 

0 174 
0.347 
0.694 
1.042 
1.389 
1.736 
2.083 
2.778 
3.472 
5.208 
6.944 
13.889 

0 087 

0 174 
0.347 
0.521 
0.694 
0.868 
1.042 
1.389 
1.736 
2.604 
3.472 
6.944 

0 058 

0 116 
•0 231 

0 347 
0.463 

0 579 

0 694 

0 926 

1 157 

1 736 
2.315 
4.630 

0 044 

0 087 
0.174 

0 260 

0 347 

0 434 

0 521 
0.694 
0.868 
1.302 
1.736 
3.467 

0 035 

0 069 

0 139 
0.208 

0 278 
0.347 
0.416 
0.556 
0.694 
1.042 
1.389 

2 778 

0 029 

0 058 

0 116 

0 174 

0 232 
0.289 

0 347 
0.463 
0.579 
0.868 
1.167 
2.315 

0 017 

0 035 
0.069 
0.104 
0.139 
0.174 
0.20 S 
0.278 
0.347 
0.521 
0.694 
1,389 
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in iron or concrete tanks and fed through iron piping- To prevent clogging^i 
pipes handling lime or milk of lime should be of ample diameter and provided 
with numerous cleanouts. For pumping milk of lime, centrifugal pumps 
should have white iron casings and a monel-metal shaft.^^ Tanks for 
bleach solution are best made of reinforced concrete or pure wrought iron. 
Piping may be of pure black wrought iron, lead, stone- ware, or glass; fittings 
should be of stone-ware or acid-proof bronze. Avoid wood, copper, ordinary 
brass, and steel. Red brass has been used recently. 

Dry Chemicals. In most plants, dry feeding of chemicals is practicable. 
Dry feeding avoids solution tanks, orifices, and pipes, and economizes space. 



Fig. 264. — ^Lurnp alum feeder. 

(Gauntt. ) 


It permits a ready control of applied chemicals. Sulfate of alumina, quick- 
lime, hydrated lime, and ferrous sulfate may be fed dry if the chemicals are 
ground and means are provided to crush any lumps which may form during 
storage. Ferrous sulfate, particularly, is apt to cake when stored in bins; it 
should therefore be freshly crushed and fed quickly. 

Commercial Types. One type of dry feeder consists essentially of a hopper 
from whidi a small helical conveyor, driven by electric or hydraulic motor, 
%nd connected with devices for varying speed, discharges various quantities 
of coagulant from the hopper into a stream of water leading to the point of 
application. This type of apparatus is used at Knoxville, Tenn., and Spring- 
M and is typified by the Gauntt and American Water Softener Co.^s 
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feeders. Other feeders are made with revolving cylinders containing depres- 
sions which are alternately filled and emptied as the cylinder revolves be}pw 
the hopper. The Gauntt* feeder for lump alum (Fig. 264) is typical. 

The Booth, t Pittsburgh, and other feeders (Fig. 265) make use of a revolv- 
ing disk upon which a hopper discharges the chemical,, and from Which a 
scraper diverts it to a stream of water leading to the point of application. 

Most dry feeders are capable of automatic, proportional discharge by the 
proper connections with the raw-water Venturi. 



Fig. 265. — Dry feeders, Oklahoma City. 

(Amorican Wutor Softoner Co.) 


F. B. Leopold has devised a coml)ined feeder and hydrating apparatus 
for dry quicklime consisting of feeder, hydrating apparatus, and mixing tank, 
thus avoiding the measurement of milk of lime (Fig, 267). 

The maximum and minimum capacities of the W. and T. dry chemical 
feederf of the low-speed type with various chemicals are given in the following 
table (Table 235). There is another feeder of the high-speed type which has 
several times the capacity of the small feeder. Feeders of this type are esjw- 
cially adapted to feeding crystalline chemicals. The other dry feeders, 
the Gauntt, Pittsburgh, International, etc., are also built in several sizes, 

* W. J. Savt gfe, Inc., Knoxville, Tenn. 

t Made by ^ Wallace and Tiernau Co. 





l^TB — AU »<w operating water pressure and quantity of water required for the ejector are 

bailed Ob the aMpanpiion that thero is no back pressure in the discharge line and that there ui a fail 
1 It per each 25 ft of discharge line from the ejector to the point of appJieatloa< 


ions per 
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Where large quantities of lime or soda are used for water softening, auto- 
matic weighing devices (discharging intermittently), may be used in plaee of 
continuous dry finders.’'' 

Lime should be slaked in hot water. W. F. Monfort has advised an initial 
temperature of 160®F. for the hot water supply and 200®F. in the slaking tanks. 
Slaking tanks should be provided with stirrers. From &0 to 95 per cent, of the 
available, soluble lime may be added to the water. The rest is lost in the 
sludge remaining in the slaking tanks. It may be added either in the form 



Fig. 267. — Dry-feed machine, type XL. 

(MuiiicipU Strvicc Co ) 


of milk of lime (at St. Louis 3 25 lb. of water to 1 lb of lime) or in the form of a 
saturated or partly saturated lime water. It is essential that the strength of 
lime solutions should be uniform. 

Bleaching powder is difficult to apply to water. It is first mixed with a 
smaller quantity of water — not less than 0.5 gal. water per lb. of bleach — ^and 
this paste thoroughly mixed and diluted to make a solution containing not 
over 2 per cent, of bleach. Considerable sludge is produced, and the chlorine 
in this should be recovered by agitating it with water and using the water after 
the subsidence of the sludge to make up the next batch of solution. The solu** 
tioh shall be constantly agitated until applied to the water. 

Liquid* chlorine is added directly from cylinders by means of a regulating 
apparatus, t Figures 268 and 269 show types of an apparatus combined with 


♦ For Columbus equipment, see 1914 Ueport, JOivislon of water, pity of Colj 
t Chlorine equipment is made by Wallace and IHernan Co * Newark and 
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platform scale for convenience in controlling the flow. Pressures in cylinder 
vary from 110 lb. downwards. The gas enters through an inlet valve which 
adjusts its opening in inverse ratio to the entering gas pressure. The chlorine 
then passes to a fixed orifice which both measures and regulates the flow, 
employing the principle of pressure drop across the orifice, which drop is 
indicated by a long manometer tube calibrated to read in Ib. per 24 hr. After 



Fig. 268. — Chlorinator ooinln'nt'd with 
platform scales. 

(Paradori Co.) 


Fig. 269. — Manual control solution 
feed chlorinator, type MSP. 
(Wallace & Tieman Co., Inc.) 



discharge through the orifice, the gas is maintained at constant meter pressure 
by a diaphragm-controlled valve. The apparatus feeds chlorine either directly 
or through an injector supplied with water at 20 lb. or more pressure. An 
automatic chlorine-shut-off valve stops the flow of gas instantaneously with 
the stoppage of the injector supply. The formation of chlorine hydrate with 
water of low temperatures* and resulting stoppage and backflooding of feeder 
ar© prevented by using the injector type of feeder. Sudden expansiozc may 
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cause chlorine to cool with loss in pressure. Artificial heat may be necessary 
to overcome this effect, and prevent the formation of chlorine hydrate. 

Apparatus may be designed to maintain a proportional flow of chlorine 
and water, making use of the differential between the upstream and throat 
heads in a Venturi meter to actuate the controlling mechanism, either directly 
or through hydraulic or electrical relays. 

The vacuum chlorinator of Wallace and Tiernan Company (Fig. 270), 
is recently developed apparatus. The chlorine is always under a vacuum, and 
its flow automatically ceases when the water supply to the apparatus is shut 



Fia. 270. — Manual control chlorinator solution feed, typo MSVM. 
(Wallace & Tiernan Co., Inc.) 


off. By controlling the rate of flow of the auxiliary water supply, the rate of 
application may be proportioned to the flow of water. 

The vacuum produced by the flow of the auxiliary supply of water through 
the ejector draws the chlorine into the ejector where it is mixed with the 
auxiliary water supply and is conveyed to the point of application. 

The suction created by the water passing through the ejector is transmitted 
through a silver adjustable head tube to the inside of a bell jar which stahds 
in a partially filled tray of water. The vacuum created causes the level of 
the water inside the bell jar to rise above the water level outside the jar« Thi$ 
opens the float reducing valve which allows the chlorine to enter the bell jar^ 
the chlorine cylinder being connected directly to the feed line to which thfe 
float valve is attached. 
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A glass meter tube with a calibrated orifice at the top sits over the silver 
adjustable head tube. The only way that the chloiine can enter the ejector 
is through the orifice at the top of the meter tube and down through t!ie silver 



Fig. 271 — Curve showing pn bsurt of < hloniie g is it v nious t( nipcr ituri s 

tube. The flow of gas depends on the drop in picssuic across the orifice 
The flow IS determined by measuring this chop which is equal to the difference 
in height of the water inside the bell j ir and m&ide the meter tube 


Table 236. Chemicals and Formulas Commonly Used in Water Purification Work 


Substance 

Formula 

Substance 

Formula 

1. Acids 

a 

Salts — ((. ontit ued) 


Acetic 

r jiiCooii 

M igncbium cirbonatc 

MgCOa 

Hydrochloric 

IKl 

t hloride 

Mgn2 

Nitric 

UNO, 

sulf itu 

MgS04 

Oxalic 

11*»C 2 O 4 

Manganous Bulfate 

MnS04 

Sulfuric 

H-S 04 

Mercuric chloride 

HgCh 

a. Salts 


Phe n«l 

C«H60H 

Alcohol 

CHbOH 

l^otassiuin bichromate 

KaCrzO? 

Aluminum hydrit< 

\1 (oiDf 

carbonate 

K2C0» 

sulfate 

Al2(S()4)3 

( hloiide 

KCl 

Ammonium chloride 

NH4( 1 

chromate 

K2Cr04 

ferrous sulfate 

(NH 4 ) rc(S 04)2 hllsO 

hydrate 

KOH 

oxalate 

(NHilifjOa 2 II 2 O 

hydroge n sulfate 

KHSO 4 

persulfate 

(NH4)2S208 

iodide 

KI 

Banum carbonate 

BaCOj 

nitrate 

KNOa 

chloride 

BaCh 

nitrite 

KNOi 

sulfate 

BaS()4 

oxalate 

K2r204 2HaO 

Calcium carbonate (calcitc ) C a( Os 

permanganate 

KaMnOi 

cblonde 

C iCla 

plntinic chloride 

KaPtCl. 

oxide 

CaO 

sulfate 

KaS04 

sulfate 

riS<>4 2 H 2 O 

sulphocyamdc 

KSCN 

Chloroform 

riK I 3 

Silica 

SiOa 

Cobaltous chloride 

CoCh hUaO 

bilver chromate 

AgaCrOa 

Copper sulfate 

Fernc chloride 

CuS()4 

Fc( I 3 

nitrate 

sulfate 

AgJ^JOa 

AgaSOa 

oxide 

I*C‘>Oa 

Sodium bismiithate 

NaBiOi 

sulfate 


Sodium carbonate 

NaaCO* 

Ferrous carbonate 

teCOa 

chloride 

NaCl 

oxide 

FeO 

nitrate 

NaNOl 

sulfate 

FcS04 

nitnte 

NaNOi 

Hydrogen peroxide 

H 2 O, 

sulfate 

NaaSOi 


PbfC2Ha02)2 

thiosulfate 

NaaSfOt 
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Table 287. Principal Chemicals Used for Water Purification » 



Strength 

Formula of active 
ingredients 

iPrioe per 100 
lb. deliveredt 

Basic sulfate of alum- 
ina* 

Ferrous sulfate 

Copper sulfate 
Quicklime. . . 

Hydrated lime 

Soda ash . . 

Caustic soda 

Banura carbonate 
Bleaching powdei 

Liquid chlon lu 

10-22% AlsOa 

95-100% FeSOd, 7HiO 
99% CuSOd + 5IIaO 
75-99% CaO 

80-99% Ca(OH )2 

58% NaiO 

70-76% Na20 

98% BaCT), 

30-d8 % Cl 

99 9-}-% Cl 

Al2(S(>4)8. XHaOt + XAlfOi 
FeSOd, 7 H 2 O 

CuSOd 

CaO 

CafOIDt 

NaaCOi 

NaOH 

BaCOs 

CaCh, Ca(OCh) 

CP 

$1.10-$1.60 
0.65- 0.76 

4 60- 6.50 

1 00- 1.60 

0 90- 1.60 

1 00- 1 86 

8 00- 4.00 

3 00- 4 00 

1 60- 2 60 

4 00-8 00 


* Called “alum” or "filter alum ” 

I Normal ranacs of prices 

t X means uncertain number of molct uUh, thf substance is a mixture 


Pounds per Millon Gallons 



Fig. 272 . — Conversion dia^jjnun. Parts per inillion, pounds ])er niillion gallons, 

giains pel gallon. 


Talile 238. Size of Packages for Water Purification Chemicals 


Chomicul 

Kind of packagf 

( ight of ( 1 j( ini( al 
in par kagt 

Dimensions of package 

Lbs 

Kg 

Bleaching powder 
Bleaching powder 
Chlorine 

Copper sulfate 

Ferrous sulfate 

Lime — hydrated 

Soda ash 

Caustic soda — ground 
Caustic soda — solid 
Sulfate of alumina . 
Sulfate of alumina 
Sulfunc acid 

Cylinders 01 ‘ Drums ’ 
Cyhiultrs or “Drums ’ 
Steel bottle f 

Barrels 

Barrels 

Bags 

Bags 

Drums 

Drums 

Bags 

Barrels (42 gals ) 
Carboys (12 7 gals ) 

100 

100 

IIO* 

4-)0 

420 

135 

300 

550 

750 

200 

325 to 4(K) 
196 

13() 0 

45 5 

08 8 
205 0 
191 0 

01 5 
130 0 
250 0 
340 0 

91 0 

148 to 182 
88 7 

21" diam X 34" high 

13 i" diam X 28" high 
9" diarn X 4'2" high 
24" diam X 30" hign 
23" diam K 30" high 
42" long X 24" wide 

38" long X 30" wide 

21" diam X 34" high 
21" diam. X 34" higti 
37" long X 26" Wide 

24" diam X 30" high 
10" X 16" f 


Normal minimum carload is 40,000 lb net During emergencies, cars arc loaded to oapaoitv^ 
♦2761b gross. 

t Also in tank oars (England). 
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Tii^ble 239. Volume-weights of Chemicals Used for Water Purification* 



Loose weights 

Average 

Chemical 



Average, 

lb. 

cu. ft. 

Average, 

kg. 

CU. m.T 



Min., lb. 
cu. ft. 

Max., lb. 
cu. ft. 

Lb. ou.ft. 

Kg.ou.m. 

Bauxite, run of mine 



81.0 

1300 



Bauxite, pulverized, 80 mesh 



01.0 

980 



Bleaching Powder 

48 

49.0 

48.5 

777 




58 . 0 

930 






04 . 0 

1030 






89.8 

1440 






87.0 

1390 



Ferrous sulfate 

63 

60.0 

04.0 

1030 

70.7 

■ 1130 

Lime — lump 

02 

66.0 

05.0 

1040 

77.5 

1240 

Lime — crushed and powdered 

04.0 

1030 

73.5 

1180 

Lime^hydr atod 

3G 

45.0 

42.0 

070 

47.5 

760 

Sodium Carbonate, soda Ash.. 

53 

60.0 

02.0 

995 



Dense Soda Ash 

80 

90.0 

85.0 

1362 



Sodium hydrate (caustic soda) in 
drums, fused 

130 

133.0 

1.32.0 

2118 



Sodium Thiosulfate 


87.0 

1390 



Sulfate of Alumina, lumps thru 1.5'^ 
ring. 

02 

67.0 

05.0 

1040 

72.0 

1150 

Sulfate of Alumina, crushed 

GO 

63.0 

01.0 

980 


. 1160 

Sulfate of Alumina (Hoover Alum), 

• porous 

47.5 

42.0 

070 

72.7 ^ 


Sulfate of Alumina (Hoover Alum), 
dense and brittle 

53 

GO.O 

00.5 

970 



^ulfurie acid ■ eonc 


114.0 

1840 






1 


* Determinations by C. P. Hoover; J. W. Ellms; General Cbemictil Co.; Pennsylvania Salt 
Co.; SprinKfield Water Department, ami Authors, 
t Equals 1000 times apparent .specifie gravity. 


Table 240. Conversion : Grains per Gallon to Parts per Million 



Grains pt‘r 

U. S. gal. 

Grains per 
Imp. gal. 

Parts pcir 
100,000 

Parts per 
1,000,000 

1 gr. per U. S. gal 

1.000 

1.20 

1.71 

17.1 

1 gr. per Imp. gal 

0.835 

1.00 

1.43 

14.3 

1 part per 100,000 

0.585 

0.70 

1.00 

10.0 

1 part per 1,000,000 

0.058 

0.07 

0.10 

< 

1.0 


Table 241. International Atomic Weights (1923) of Elements Occurring in 

Water Analyses 



Symbol 

Atonne 

weight 


fSymbol 

Atomic 

weight 

Aluminum 

A1 

27.0 

Manganese 

Mn 

54.93 

Arsenic 

As 

74.96 

Mercury 

Hg 

200.6 

Rariiim 

Ba 

137.37 

Molybdenum 

Mo 

96.0 

Boron 

B 

10.9 

Nickel 

Ni 

58.68 

Bromine 

Br 

79.92 

Nitrogen 

N 

14.008 

Calcium 

Ca 

40.07 

Oxygen 

0 

16.00 

Cftfhon 

C 

12.005 

Phosphorus 

P 

31.04 

Chlorine. 

Cl 

35.46 

Platinum 

Pt 

195.2 

Chromium 

Cr 

52.0 

Potassium 

K 

39.10 

Cobalt ...» 

Co 

58.97 

Radium 

Ra 

226.0 

Conner 

Cu 

63.57 

Silicon 

Si 

28.1 

Fluorine, . . . . .... 

F 

19.0 

Silver* 

Ag 

107.88 

Hydrogen ........ 

H 

1.008 

Sodium 

Na 

23.00 

Iodine 

I 

126.92 

Strontium *....... 

Sr 

87.63 

. Iron, 

Fe 

55.84 

Sulfur 

S 

32.06 

. liOad T 

Pb 

207.20 

Tin 

Sn 

118,7 

Lithium 

Li 

6.94 

Zinc 

Zn 

66.37 

Magnesium 

Mg 

24.32 
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Table 241A. Quaotities of Copper Sulfate Requ&ed for Different Organiams 


Organisms 

Parts 

per 

mil. 

Lbs. 
per 
mil. 
gal. of 
water . 

Organisms 

Parts 
per 
mil. . 

Lbs. 
per 
mil. 
Ral. of 
water 

Diatomacese : 

Asterionella 

0.10 

0.8 

Cyanophy ce® : 

Anab®na 

0.10 

0.8 

Fragilaria 

0.25 

2.1 

Clathrocystis 

0.10 

0.8 

Melosira 

0.30 

2.5 

Ctulospha^riiim 

0.30 

2.5 

fiynpHra. 

1 00 

8 3 

Oscillaria 

0.20 

1.7. 

Navif»nla . 

0.07 

0.6 

Microcystis 

0.20 

1 .7 

Chlorophy cea) ; 


Aphaiiizomenon 

0.15 

1.2 

Cladophora 

1.00 

8.3 

Protozoa : 



Ccinfprva . . 

1.00 

8.3 

Kugleiia 

0.50 

4.2 

Hydrodictyon 

0.10 

0.8 

ITroglcna 

0.05 

0.4 

SoPTipdosmus . 

0 . 30 

2 5 

Peridiniuiri 

2.00 

16.6 

Spirogyra. . . 

0 . 20 

1 .7 

Gleiiodi Ilium 

0.50 

4.2 

IHothrix 

0.20 

1 .7 

Chlamy domoiias 

0.50 

4.2 

Vol vox 

0.25 

2.1 

Cry ptomonas 

0.50 

4.2 

ZvEneitia 

0.70 

5.8 

Mallo rno nas 

0.50 

4.2 

Microspora 

0.40 

3.3 

Dinobryon . . 

0.30 

2.5 

Draparnaldia 

0.30 

2.5 

8*ynura 

0.10 

0.8 

Raphidiurn 

0.30 

2.5 

Schizorny cot os : 



Coelastru ill 

0.30 

2.5 

Beggiatoa 

5.00 

41 .5 




Cladothrix 

0.20 

1 .7 




Cronothrix 

0.30 

2.5 




Leptomitns 

0.40 

3.3 
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CHAPTER 31 

WATER SOETENING 

Hard waters, so named because of their action on the skin, are those which 
precipitate soap. They form scale or deposits when used- in steam boilers. 
On account of the formation of insoluble compounds with dyes and soaps, they 
are unsuitable for washing, bleaching, certain kinds of dyeing, soap making, 
steam making, tanning, wool scouring, and certain kinds of paper making. 

Hardness is due to the presence of the bicarbonates, caCrbonatea, sulfates, 
chlorides, and nitrates of calcium and magnesium, also to acid constituents. 
When a hard water is boiled, it loses its bicarbonate, or temporary, hardness, 
leaving the mineral acid,’^ or permanent, hardness as well as some hardness 
due to carbonates which cannot be so removed. The terms carbonate and 
non-carhonate hardness are used to distinguish the hardness due to carbonates 
from that due to sulfates, chlorides, and other salts. Total hardness is the 
sum of temporary and permanent hardness. Waters containing free CO 2 
have an apparent temporary hardness. Hardness of water polluted with 
mine waters* is due partly to free mineral acids. 

Kinds of Hardness • 


Alkaline Constituents Incrustants • Acid Constituents 

(Temporary hardness) 1 (Permanent hardness) (Corrosive: Permanent 
I ' I hardness and scale forming) ^ 


Ca, Mg and Pe Ca and Mg Ca and Mg Sulfuric acid 

Bicarbonates Carbonates and [ AI and Fe Sulfates 

Hydrates | CO2 


Sulfat(‘s (’hlo rides 

Nitrates 
Silicates 

(Carbonate hardness) (Non-carbonatc; hardness) 

Hardness may be expressed in various ways, preferably as parts of CaCOa 
per million, Table 242. f Clarky the discoverer of the softening process, in 
1841, established degrees of hardness as grains of CaCOa per Imp. gab* Ger- 
man degrees designate parts of CaO in 100,000 and French degrees parts of 
CaCOa in 100,000 of water. What would be called hard water in New 
England Biding: 120 p.p.m.), would be called soft in the limestone 
r^gh^ 

to remove Hulfuric add, see iSr. N. H., Apr. 19, 1923, t>. d9S 
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Table Equivalents of Methods of Expressing Hardness 


Standard * 

Clark 

degrees 

German 

degrees 

French 

degrees 

Parts per 
milUmi 

Qraini 
per U.S. 
gal. 

Clark degrees 

German degrees 

1.0 


1.43 

14.3 

0.83 

1 24 

1.0 

1.78 

17.9 

1.04 

French degrees 

0 70 1 

0.56 

1.0 

10.0 

0.583 

Parts per million (milligrams 

per liter) 

Gfrainsper U.S. gal 



0 10 

1.0 

0.058 


0.96 

1 71 

17.1 

1.0 


Effects. General objections to hard waters are* difficulty and disadvantage 
of their use with soap; difficulty, cost, and danger attendant upon their ui^e 
for steam making. 

Use with Soap. According to Whipple,^ 1 lb. of average soap will soften 
167 gal. of water when hardness is 20 p.p.m., but only 40 gal. when hardness 
is 100 p.p.m. 

Cost of soap per 1,000,000 gal. = $10t X hardness (p.p.m.). 

This cost of soap is a measure of the depreciation due to hardness. Usually 
the saving to a community in soap alone, will pay all costs of softening. Not 
only does hard water destroy soap, but even when an excess of soap and alkali 
is used, it is not entirely suitable for laundry purposes, on account of the pre- 
cipitation of insoluble •calcium, magnesium, and iron salts on the fibers of 
washed fabrics. When these deposits dry, they turn yellow or even a darker 
color, particularly if the water also contains iron, organic matter, or manga- 
nese. In many communities supplied with hard water the inhabitants are 
forced to maintain cisterns and double-plumbing systems, and the location 


Table 243. Troubles Due to Bad Boiler Feed Water 


Trouble 

1 * Cause 1 Ileiuedy 

Incrustation.. - 

Suspended matter 

Soluble salts 

Calcium, magnesium and iron 
carbonates 

Organic matter 

Calcium, magnesium and other 
sulfates 

Filtration: Blowing off 

Blowing off 

Softening by heat or chemical 
treatment 

Coagulation and filtration 
Sodium carbonate or hydrate, 
barium carbonate* 

Corrosion . . « 

Organic matter 

Grease 1 

Sugars / 

Magnesium, chloride and sul- 
fate 

Acids 

Carbon dioxide and oxygen 

Electrolysis 

Coagulation and filtration 
f Treatment with lime and 
\ filtration 
^dium carbonatq 

Alkalies 

Lime, sodium hydrate, heat, 
aeration 

Zinc plates 

Foaming and 
priming..... 

Sewage and other pollution 
Alkalies 

Excessive sodium carbonate 

Coagulation and filtration 
Heating feed water 

Barium chloride 


* Scale formation due to sulfates (anhydrite) which takes place on the heating aurfaocf 
boUen, may be prevented by mamtaming, through additions of sodium carbonate* the carbonate 
content (aolubihty product) m excess of the sulfate content. Hall has devised a system for 
these additions.^ 

t If soap is 5 cts. per lb ; aoap used by ordinary family averagee about 20 ots. per Ib. 
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in them of many industries (dyeing, bleaching, tanning, paper making, ice 
making, etc.) is impracticable. 

Use in Steam Boilers. Slightly alkaline surface waters of low color* are 
•unexcelled for boiler purposes. Hard waters cause the formation of deposits 
or incrustations which result in loss of heat or explosions. Hard and acid 
waters are apt to cause corrosion. 

Foaming is the action of a boiler when steam bubbles over the surface of 
the water to such extent that steam space and dome are filled, and siphoning 
action is started which causes water to be carried over with the steam. Under 
these conditions steam loses much of its expansive properties. Foaming is 
due to suspended matter^ in waters whose concentrations of alkaline salts 
are high. Clear waters which contain as much as 2500 p.p.m. of sodium 
carbonate may generally be used without danger of foaming, while as little 
as 50 p.p.m. may cause foaming in presence of considerable suspended matter. 

Priming is the explosive evolution of steam from a heating surface which 
throws water suddenly, in large volumes, into the steam space. 

Classification . — Although it is difficult to draw the line between good and 
bad waters, the Committee of the American Hail way Engineering & Main- 
tenance-of-Way Assn.® has given an approximate classification of waters for 
boiler use: 


Table 244. Classification of Boiler Waters According to Incrusting and Cor- 

roding Constituents 


Concentration, p.p.m. 

Concentration g. p g. 

1 Classification 

Oto 70 

Oto 4 

Very good 

70 to 150 

4 to 9 

Good 

150 to 250 

9 to 15 

Fair 

250 to 400 

15 to 24 

Bad 

400 and above 

Over 24 

< Very bad 


SOFTENING PROCESSES 


Economy. Softening would be more generally adopted were its economies 
better understood. Before use in steam boilers, all waters containing more 
than 250 p.p.m. of incrusting solids should be treated, and waters containing 
more than 150 parts should be treated if 50 parts of the same consist of sul- 
fates, f While much may be done to prevent scale formation in boilers by 
internal treatment, it is better to soften the feed water, or, where practicable, 
the municipal supply from which the feed water is taken. 

Processes. Two general processes are used: the lime-soda and the zeolyte 
processes. The former is sometimes modified for treating industrial waters 
high in sulfates by substituting barium for sodium carbonate. The lime-soda 
and zeolyte processes may l)e used in combination.* 


The lime-soda process® depends upon adding enough quicklime (CaO) 
to absorb the free carbon dioxide, change the calcium bicarbonate to carbon- 
ate, the magnesium bicarbonate to hydrate, and also in adding enough soda 


^ Less than 50 

^Patainiug exc^sive amounts of alkaline carbonates may require distillation, using 
effect appftra,tu8. See cost analyses in Blast Furnace Steanj Plant, November, 192U 

- I For terniii total, bicarbonate, normal, and caustic alkalinity, sec pp. 698 and 680. 
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ash (Na 2 C 08 ) to change the calcium sulfate to carbonate and the magnekiuiri 
sulfate to hydrate. The reactions are as follows: 

1. When lime is added to a hard water containg magnesium: 

CaCOs.COa + Ca(OH )2 = 2CaC08 + HjO 
MgC 03 .C 02 + Ga(OH )2 = MgCO., + CaCOa + HaO 
MgCOa + Ca(OH )2 = Mgron )2 + CaCOa 
CO 2 + Ca(OH )2 = CaCOa -h H 2 O 
MgSO* + Ca(OII )2 = Mg(OH )2 -f CaS 04 

2. When soda ash is added to a similar water: 

MgS 04 + NaaCOsCaCOlDs = CaCOa + MgCOIl). H- Na 2 S 04 

CaS04 + NaaCOa = CaCO, + Na2S04 

Quantities of Chemicals* may be computed by several methods. 

(1) Add sufficient lime® to provide hydroxyl (OH) to combine with the 
iron, aluminum, magnesium, bicarbonate, hydrogen ions, and carbon dioxide, 
ff the bicarbonate ion (CO3) in the winter plus that formed by change of the 
bicarbonate ion and carbon dioxide l)e not sufficient to precipitate the calcium, 
present in the water and added as lime, an additional quantity of CO3 must 
be provided by the addition of soda ash in order that all the calcium may 
be precipitated. This latter consideration determines the quantity of soda 
ash to be added. The formula is as follows :t 

C = 1.12 Fe 4- 3.46 A1 + 2,56 Mg + 30.96 H + 0.51 IICOs + 1.42 CO 2 
D - 2.00 Fe + 6.18 A1 + 2.78 Ca + 4.58 Mg + 55.44 H - 1.86 CO 3 - 
0.92 HCO 3 . 

In the formula, CO 2 = carbon dioxide and II = free acid expressed in terms 
of equivalent hydrogen. C — the quantity of 90 per cent, lime and D the 
quantity of 95 per cent* soda ash in p.p.rn. required to soften the water. 

(2) The quantity of chemicals may be determined directly by experiment 
according to the method of P. Drawe.*® 200 c.c. of the cold water to lie 
softened are mixed with 50 c.c. of saturated lime water of known strength in 
a 250-c.c. volumetric flask and heated to boiling. The strength of the lime 
water must be determined for each series of tests. After cooling, the flask 
is filled to the mark with water, the contents are mixed, and 200 c.c. are 

Nt 

filtered through a dry filter and titrated in a porcelain dish with -^J’HCl 
with methyl-orange as an indicator. 

Nt 

If c.c. HCl are necessary for this purpose, and ‘‘a” c.c. were 

contained in the 50 c.c. lime water, the milligrams of lime per liter required to 
soften the water tested may be computed by the formula: (4a — 55)3.51 CaO, 

N 

Then add to the neutralized solution in the porcelain dish 20 c.c. jQNa2C08 

and heat to the beginning of boiling. The contents of the dish are washed > 
with water free from CO 2 into a 250 c.c. flask, cooled, made up to the mark, 

* For table of chemical formulas see p. 676. . /t 

t ^be elements are determined by quantitative analysis and multiplied by the vcixious factors Ui ' 
the formula. The quantities so determined are then summed. ' 

See footnote, p. 696. : ^ 



»154 WATERWORKS BANDBOOK 

mix^, and filtered. 200 c.c. of the filtrate are measured off and the excess 
N 

of alkali titrated with £qHCI The number of c c. used is designated by 

c. Then the number of milligrams of soda per liter required to soften *the 
water treated may be computed by the following formula: 

(20 - 6 - |c)33.13 NaaCO, 

The results by these formulas are for pure chemicals. For 90 per cent, lime 
and 95 per cent soda corrections should be made. In order to get good results 
by this method the most careful work and the exact preparation of normal solu- 
tions, etc., are necessary. When the hardness is over 350 p p.m., 100 c.c. of 
water should be used for the determination For alkaline waters h in the for- 
mulas is to be diminished by the number d, which equals | (carbonate hardness 
—total hardness). The correctness of the above amounts for the desired effect 
can be proved only by a practical experiment For this purpose Drawe takes 
1 L. of water, adds the calculated amounts of dry lime and soda and heats the 
whole to 70®C. Water treated m this way as a rule has a slight soda alkalinity 
and a hardness of less than 18 p p m. 

Computed directly from the free carbon dioxide, the half-bound carbon 
dioxide (44 per cent of the alkalinity), the mineral acid hardness (incrustants), 
and the total magnesium, the quantities are as follows : 


a Lime required 


Coiistitiicnt ppm 

1 I* actor 

Quantity CaO 

Free and half bound carbon dioxide 1 

Total magnesium J 

1 273 

10 618 

0 074, 

2 302 

19 21 

0 136 

as p p.m 
as lbs per mg. 
aSgpg 
as p p m 
as lbs per mg 
as g p g 

h, Soda ash required' 

Constitui nt p p in 

Factor 

Quantity NasCOa 

f 

1 060 

as p p.m. 

Incrustants or mineral acid hardness \ 

8 846 

as lbs. per mg. 

1 

0 619 

as g.p g. 


The above figures are for pure chemicals. Corrections should be made for 
commercial chemicals or when calcium hydrate is used in place of lime. See 
p. 655 for descriptions of, and specifications for, softening chemicals. 

Collins*' has devised a graphical scheme for performing the calculations 
incident to the softening process, using arbitrary figures obtained by dividing 
the atomic weight by its valence. 

Caustic soda’" is also sometimes used for softening waters containing per- 
manent '' or ^'mineral acid^’ hardness. It costs from 2 to 2.5 times as muo6 as 

j 

* For volumOtt sad weigfats oee p. 678. 
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soda ash and is useful only where small quantities are required^ whei^ the 
presence of carbonates is undesirabje, or where a speedy reaction is desired. 
Caustic soda is sometimes added to hot boiler-feed waters. It reacts very 
quickly, and the precipitate formed may be removed by a filter press or pres-^ 
sure filter, or to a great extent in a feed-water heater. Caustic soda is fur- 
' nished in drums. The best caustic soda contains about 76 per cent, of NajO, 

Batiiun carbonate is sometimes used to remove calcium sulfate (CaS 04 ) 
from water. Barium carbonate has the formula BaCOs, and is practically 
insoluble in water free from CO 2 . In the presence of water containing CaS 04 , 
however, liaCOa reacts according to the following formula: 

BaCOa + CaS 04 = CaCOa + BaS 04 

Barium carbonate is a more expensive softening chemical than sodium carbon- 
ate, but the latter has the disadvantage of producing sodium sulfate (Na 2 S 04 ) 
as a by-product, which has a tendency to cause foaming in steam boilers unless 
the boilers be blowil off frequently, while the insoluble CaCOa and BaS 04 are 
precipitated during softening. Soluble barium salts are poisonous. 

Coagulation and Precipitation. Many of the compounds formed by the 
reactions are precipitated in the colloidal condition and coagulated slowly. 
This is particularly true of calcium carbonate, the chief (‘onstituent of many 
waters. Where magnesium hydrate is precipitated, coagulation is rapid. 
Coagulation and precipitation are greatly assisted by agitation. For this 
purpose, mixing channels or stirring devices should be employed to hasten 

the reactions.i2 

Effect of Excess of Lime, Addition of enough lime to remove the free 
CO 2 has a marked bactericidal effect, as shown by Hoover at Columbus, where 
the softening plant removes nearly all the bacteiia; also by Houston Studios 
in Water Supply,” 191^-1918). 

Notes Regarding the Lime-soda Process. Time and Temperature, 
During the years 1913-1924, 12,000 determinations at one municipal softening 
works indicate the period of reaction between the softening chemicals, calcium 
and magnesium, is short; 90 per cent, of the reaction occurs in the mixing 
tanks which have a 2-hr. storage period, 3 per cent, in basins storing 15 hr., 
and 7 per cent, in passage tli rough the filters. The figures point to better 
mixing and smaller subsiding basins and indicate that colloidal precipitates 
are formed by the reaction and are crystallized by agitation. 

Stirring, The period recommended is 20 to 30 min., velocity from 0.6 to 
1.5 ft. per sec. Mechanical agitator tanks are preferred to baffles in basins. 

Return of Sludge, The continuous return of 50 per cent, of the sludge 
separated at the bottom of the clarifiers to the water as it enters the mixing 
tank, increases the efficiency of floe formation, causes better crystallization of 
the floe formed, and saves chemicals. 

Overtreatment, Non-carbonate hardness and magnesium require over* 
treatment and neutralization of the excess lime with soda ash. This is 
addition to the amount necessary to combine with the non-carbonate hardness 
and leaves an excess of sodium hydroxide in the treated water. By excessive 
treatment it is possible to reduce the hardness from 1000 p.p.mu or more tO 
less than 50 p.p.m. 
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Split TrcaimenL This consists of overtreatirig with lime and soda ash 
and then neutralizing the excess with raw water.* It is more effective for a 
givea.quantity of chemicals than the ordinary method, but not as effective as 
overtreatment. - 

Carhonation, Without it sand grains in filters increase in size, and sand 
must be replaced every few years. Gas-producer is most efficient source for 
CO 2 ; for use at Oklahoma City, see E, N. 7^, Aug. 7, 1924, p. 216. 

Cost A softening plant costs about $40,000 per Mgd. on tlie 
average. 

The Zeolyte Process.* ‘^Permutit’’ (^^permutare,^’ to exchange) is the 
trade name of an artificial zeolyte introduced by L. Gans, of Berlin, in 1906. 
Sodium perinutit is made commercially by fusing quartz or feldspar, kaolin, and 
sodium carbonate in an electric furnace and afterward treating the product 
with water. It is marketed in granular form having ])arti(;les from 0.5 to 2.5 
mm. in diameter. The reactionf between hard water and zeolyte may be 
illustrated by the following: 


'CaCO, 

+ N!iAI(.Si()a)2 = [(’a '] AKSiO,). + 

NasCOa " 

MgCO;, 

(Zeolyte) 

Na2S04 

OhSOa 


NaCl 

CaCl 


_Etc. 

.Etc. 




Hardness may be decreased to zero, but soluble sodium salts will be 
increased proportionally. This i)roceeds until equilibrium is reached. The 
zeolyte is then regenerated by reversing the reaction by treatment with strong 
brine (NaCl) which exchanges its sodium for the cabium and magnesium 
removed from the water and stored in the zeolyte. Artificial sodium perrnutit 
is slowly decomposed by free carbonic acid. To obviate this, the water may 
have to be passed through a layer of marl)le. This adds to the hardness to be 
removed by the permutit. The device for using zeolyte resembles a pressure 
mechanical filter with zeolyte in place of sand. More tlian 5 per cent, of the 
zeolyte per annum disintegrates and washes away. For a continuous supply 
duplicate filters are re(|uircd, one being in service while the other is being 
regenerated. Compared with the lime-soda process, softening by zeolyte is 
expensive, but for dyeing and other puri)oscs recpiiring perfectly soft water, it 
is useful, t Where hardness is due to sulfates and salt is cheap, it may com- 
pete with the older process. The installation must be large enough to accom- 
modate overload. Zeolyte plants operate at rates as high as 6 gal. per sq. ft. 
per min., and therefore require less room than a plant for the lime-soda process. 
Where the hardness is excessive, zeolyte may be used as a supplement to the 
lime process. In any case, care must be taken to remove the suspended matter, 
especially hydrates, which would accumulate on the surface of the permutit 
and prevent the desired interchange of bases. 

f The Permutit Company, N. Y. C, 
f Technically, an exonange. 

t O’Callaghan** states thaft Permutit process alone is not eflFective where the hardness exceeds 
gal. 
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Other artificial Zeolytes* are: Ver(iite;t Crystalite;t Douoil;**} Decdso§ 
(formed by precipitation); and Borromite,|| the latter made by heating 
glauconite, green sand,” by a patented process. 

Experiments by the Ohio Valley Water Co.lf (1923-1924) showed that 
100 cu. ft. of ^^Borromite”** would soften 22,000 gal. of water having an aver- 
age hardness of 190 p.p.m., between regenerations, at the rate of about 
1 g.p.m. per cu. ft. of ^^Borromite.” Then 5.43 lb. of salt were required to 
regenerate the Borromite for each 1000 gal. softened to zero. Borromite 
offers more resistance to passage of water than sand of same effective size. 
The plant installed by the company (1925) consists of four units, each having 
an area of 210 sq. ft. and a depth of 40 in.; average capacity 4 mgd; maximal 
6 mgd. This material removes manganese from water as well as softens. 

Boiler Compounds. Wliile a steam boiler is not well adapted for the pre- 
cipitation of chemicals, boiler compounds have their legitimate use, especially 
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Fig. 273. — Typical municipal softening plant — (Springfield, Illinois). 


for neutralization of vegetable acids and carbon dioxide. Soda ash or caustic 
soda would cause some of the scale to precipitate as calcium carbonate rather 
than as sulfate. All sorts of compounds, such as kerosene, potatoes, and 
tannic acid, have been added to boilers to prevent accumulation of scale; most 
are worse than useless. Compounds which have given most satisfaction are 
combinations of soda and tannic acid. Tannic acid has a slight action on 
the iron and prevents accumulation of scale. A compound consisting of 1 gal. 
of hemlock extract with 2 gal. of water and 3 lb. of soda ash may be used with 
many waters. Trisodium phosphate (Na3P04) is used with excellent results 
in many boilers fed with acid waters. Metal treatment by introducing zinc, 

* “An Impartial Discussion on tho Respective Merits and Disadvantages of Methods of Water 
Softening by Filtration through Zeolytes, by Chemical ]*recipitatiou .and by Rectification vrith 
Boiler Compounds,” by W. M. Taylor. Che/m, Met. Ena., Jan. 10, 1021, p. 123. Also Behrmaiu 
‘‘Lime-soda and Zeolyte Water Softening,” J, A. W. W. A. 10, p. 027 (1923). 
t International Filter Co., N. y. 
t American Doucil Co., Phila. 

5 American Water Softener Co., Phila. 

1 The Wayne Tank & Pump Co., Fort Way n^ Ind. . 

f McKee’s Rooks, Pa. Sec Beech, J. A. W. W. A., Vol., 15, 1926, p. 227. ^ 

giO, M 50.3 per cent.; Fe =» 11.0 per cent.; Al * 1.33 per cent.; Ca 1.86 per cent.; Mg W'f':: 
2.23 per cent.; Na •* 4.17 per cent. 
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gmphite, ^^Perolin,’' and simnju* substances penetrate the scale im 

form msulating coatinp on the metal has been tried with varying success.'^ 
7^68 of Water Softening Plants-t Softening plants are either continuous ^ 
or intermittent, and designed to operate with either hot or cold water. In 
the intermittent system, chemicals are added to water contained in a basin; the 
whole is mixed, allowed to subside, and the treated water is decanted. In the' 
continuous system, chemicals are added proportionally to the flow of water 
and the treated water is passed through subsiding basin and filter. Figure 
274 illustrates a softening system, operating on the intermittent plan; Fig. 275 
shows one operating on the continuous plan. In the example of latter system 
illustrated, lime water is prepared in a lime-water tank, 'or saturator, and 



• Fig. 274. — Intermittent softening plant. 


(We-Fu-Go System. )t 


added proportionally to the water. Other systems, like the American, Booth, 
and those specially designed, add milk of lime instead of lime water. Some 
manufacturers furnish either milk-of-lime or lime-water apparatus. It is 
fetated by George A. Johnson^s that lime water should be used rather than 
milk of lime, because with the latter the suspended particles * of calcium 
hydrate become coated over with CaCOa and are rendered inactive. Lime 
water was first used at Columbus, Ohio. Later, milk of lime was substituted. 
At St. Louis weighed quantities of lime are added to the water at definite inters 
vals of time. The apparatus required to add milk of lime is considerably 
less costly and cuii^bersome than that requiredior lime water^^ " 

4S0e French ip j. ife 2?. C'., 

t For data on # 
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We^Ftt-Go system’'* (Fig. 274), involves a chemical tank in which the 
reagents are mixed in the required proportions, a pair of mixing tanks, and a 
mechanical filter. In the mixing tanks the chemical solutions are mechanically 
stirred with the water, a tank is left quiescent during the settling period, while 
the second tank is stirred — an intermittent process. The effluent from the 
settling tanks is passed through the mechanical filter. 



Fig 275 — Reisert lime-bauuin wa1(‘r sof toner. 

(Heisert Automatic Water Purifying Co , Now York ) 


For the barium process,! the apparatus illustrated by Fig. 275 is used. 
In order to effect the dissolving of the BaCO^, it is necessary to keep it agi- 
tated. This is accomplished by the intennittent discharge of the waters 
through a siphon. . In general, the plant resembles the lime*soda apparatus* 
There is a chemical or distributing tank above the main settling tank in whieb 
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the lime is slaked and run to the raw water, and which also contains the raw- 
water chamber and the raw-water feeding device. The lime when slaked is 
run into the bottom of the lime saturator and thereafter a carefully regulated 
quantity of raw water is passed through the lime and returns through an 
overflow pipe at the top of the saturator to mix with the raw water in the outer 
settling tank in the form of a clear, saturated, lime water of constant strength. 

The barium is introduced, through the barium funnel, into the inner tank, 
where the raw water is brought in contact witli the barium. CaCO,, and 
Mg(OH)2 are precipitated in the outer compartment, and therefore do not 
prevent the proper mixing of the raw water with the barium carbonate. The 
settling tank contains a down-take pipe extending very near to the cone- 
shaped bottom of the (‘omijartmcnt. This down-take pipe connects at its 



Fig. 276. — Value? of heat in water softening. 
(H. S. B, W. — Cochrune Corp.) 


Upper end with a chamber in which is located an automatic siphon so arranged 
that the raw water is fed to the settling tank intermittently in previously cal- 
culated quantities at a time. The effect of this intermittent feeding of the raw 
water is to produce a regularly recurring pulsation in the water in the settling 
tank which has the effect of keeping the heavy barium carbonate, which is in 
a very finely divided state, in continual agitation and brings the barium 
carbonate into intimate contact with every portion of the raw water. The 
barium carbonate, while insoluble in pure water, is soluble in selenitic* 
waters in the proportion that the sulfate radical is present in the water. A 
selenitic raw water will, therefore, dissolve bariumcarbonate until its sulfate con- 
tents are Satisfied. The reaction which takes place then between the barium 
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carbonate and the calcium sulfate produces barium sulfate and lime carbonate, 
which are both insoluble and are precipitated. This precipitate gradually 
drops out of the water in its upward course in the settling tank, but to insure 
the delivery of an absolutely clean water a filter is embodied in the settling 
tank, which effectually intercepts., any precipitate which may still remain 
in the water. In some plants, in order to prevent the precipitated calcium 
carbonate from interfering with the action of the barium carbonate, the tem- 
porary hardness is removed before the barium carbonate treatment. 

Hot Process. The value of heat in water softening as illustrated by the 
Sorge-Cochrane Hot-process Water Softener is shown in Fig. 276. 

Municipal plants usually operate continuously. Figure 273 shows the 
new plant at Springfield, III, which is typical. Other plants built since 1920, 
include Oklahoma City, South Pittsburgh, Newark,^® and Piqua, Ohio. At 
South Pittsburgh, recarbonation is effected by adding a sufficient amount of 
raw water, high in carbon dioxide. At Newark,^® split treatment, mixing 
tanks, and Dorr clarifiers are used, in addition to two subsiding basins storing 
8 hr. flow. The Dorr clarifier removes 98 per cent, of the precipitate, and 
smaller basins might have been used. 100 lb. coke per mg. are required to 
maintain an excess of 1 p.p.m. CO 2 in water applied to filters. Scrubbed gas 
is applied to water through perforated pipes laid in weak, coarse concrete. 

Filters are usually required for softening plants and differ but little from 
typical rapid filters. 

Results of Operation. The following results of operation are typical. 


Table 245. ’ Analysis of Water before and after Softening, Port Tampa, Fla. (1914) 


Grains per IT. S. Gal. 



lioforc* 

After 

Cahduin carbonate 

i(i.(>2 

0.31 

Calcium sulfate 

0.35 

• 

Calcium chloride 

13.10 


Calcium hydroxide 


0.78 

Magnesium cliloride 

4.78 

Magnesium hydroxide 


0.24 

Iron oxide 


Alumina 

} 

0.12 

Silica 

1 . 66 

0.93 

Suspended, matter • 

0.25 

Incrusting solids 

37.09. 

2.38 

Sodium carbonate *. 


2.15 

Sodium sulfate 


0 38 

Sodium chloride 

28.63 

48.30 

Non -incrusting solids 

28.03 

50.83 

Free carbon dioxide 

0.66 


Half-bound carbon dioxide 

7.31 


Volatile matter 

7.97 
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TaWe 246* Coxnparatiye and Average Results of Operation at ColumbnSi 0* 

• * Hoover 


Year 

Volume of water 
softened and 

Total hardness 
parts per million 

purified, gallons 
per 24 hours 



imM 

1909 

14 3 

253 

93 

63 

1910 

15.5 

270 

85 

68 

1911 

15.6 

245 

84 

61 

1912 

17.5 

222 

79 

67 

1913 

18.3 

271 

88 

67 

1914 

18.4 

297 

79 

73 

1915 

17.7 

279 

88 

69 

1916 

19.8 

279 

110 

61 

1917 1 

21. G 

278 

125 

55 

1918 

23.8 

306 

125 

59 

1919 

22 7 

278 

106. 

62 

1920 1 

23.6 

26() 

109 

59 

1921 

21 4 

269 

100 

63 

1922 

22 0 

278 

101 

64 

1923.. * 

23 0 

265 

95 

64 


Table 247. Cost of Operation and Maintenance of Water Softening and Purifi- 
cation Works, Columbus, Ohio 
Per Million Gallons Treated. Hoover 


Year 

Entire plant 

Chemicals 

Entire plant 
leas rhemicals 

1909 

118.35 

75 

$8.60 

1910 

17,85 

7 80 

10.05 

.1911 

17.31 

10 60 

6.71 

1912 

14 58 

8.90 

5.68 

1913 

Ki 08 

10 50 

5.58 

1914 

17.46 

12 20 

5.26 

1915 

15 34 

9.80 

5.54 

1916 

27 75 

23.20 

4.55 

1917 

25 50 

21.08 

4.42 

1918 

36.81 

30.78 

6.03 

1919 

27.44 

21.64 

5.80 

1920 

26.33 

19 45 

6.88 

1921 

37.32 

29.04 

8.28 

1922 

29.22 

21.22 

8.00 

Average .... ... 

22.91 

16.38 

6,53 
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Table HB, Xtbsblts of Analyses of Water from Water Treatment Want at 

Defiance, Ohio. 1 7 

Parts per Million 



fnlet, set- 

Outlet, sot- 

Outlet, 
carbonating 
chamber — 
carbonated 
water 

Outlet, 
filters — 

tling basin 

tling basin 

filtered 

water 


Turbidity 


Total solids 
Suspended solids 
Solids in solution 
Iron 

Total hardness as calcium ( arbonatc 
(CaCOa) 

Lime (Ca) expressed as 
M^nesium (Mr) expiosscd uj 
CaCOa (by difference ) 

Caustic alkalinity (xpressod a- 
CaCOa 

Normal carbonate alkalinity CaCO: 
Bicarbonate alkalinity CafHCOa) 
expressed as CaCOa 
Free carbonic acid (COj) 


Sulfates (SOa) 



Table 249. Average Results for 1922, Defiance, Ohio*’ 



Raw 

water, 

P P ni 

Filtered 

watd, 

P P ni 

Turbidity 

200 

0 

Color 

40 

8 

Total hardness 

230 

125 

Alkalinity 

170 

52 

Incrustants 

C)0 

73 

Calcium hardness 

172 

70 

Magnesium hardness 

58 

55 

Bacteria per cubic centimeter at 37°(^ 

400 



Table 260. Comparison of Lime-soda and Lime-barium Processes^^ 



9424 

4 - 10-23 
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Table 251. Results by Liine*barium Procfess, Reisert Apparatus, Ray Cousolir 
dated Copper Co., Hayden, Ariz. 


Total hardness 

Parts per million 

Raw water 

Treated water 

Total hardness 

488 

25.7 ^ 

Temporary hardness 

240 

Permanent hardness 

248 





Table 262, Typical Results of Softening Feed Water by the Hot Process (Sorge- 

Cochrane) (p.p.m.) 



1 Raw wat(?r 

1 Softened water 

Calcium sulfate 

96.5 

None 

Calcium carbonate 

115.9 

16.1 

Magnesium sulfate 

14.7 

None 

Magnesium chloride 

158.0 

None 

Magnesium carbonate 


3.9 

Silica ♦ 

9.9 

9.9 

Iron and aluminum oxides 

3.6 

Trace 

Total incrusting solids 

308.6 

29.9 

Volatile and organic 

124.6 

21.9 

Sodium carbonate 


16.9 

Sodium sulfate 


100.8 

Sodium chloride 

54.02 

988.9 

Total non4ncrusting solids 

1064.7 

1127.7 

Free carbon dioxide 

8.7 
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CHAPTER 32 


MISCELLANEOUS PURIFICATION PROCESSES 

Distillation. Whenever a water of hij^hest purity is an imperative require- 
ment, distillation is the only method whereby it can be produced. The cost 
of distillation is so high, as compared with the other methods of purification, 
that its commercial use is limited.' 

Degasification. Studies by Speller2 show that removal of oxygen from 
water will lessen its corroding power.* Degasification (or deactivation) may 
be accqrnplished by mechanical methods, chemical methods, or a combination 
of both. The principal mechanical methods are: agitation of the water, 
temperature, vacuum — used either separately or in combination. The 
principal chemical method consists in placing the heated water in a tank 
filled with iron or high manganese-steel scrap, which elTect the absorption of 
oxygen. The Kestner degasser is used in Europe; deaerators of the Elliot and 
other types based on the Speller process are used in this country .3 

Collection and Purification of Rain-water. Along the Gulf shores of the 
United States, where the annual rainfall averages over fiO in., rain-water sup- 
plies are the rule in all but the largest cities. Rain-water should be collected 
from clean surfaces; the first runnings should be rejected. It should be stored 
in wooden or masonry cisterns, never in lead-lined or unj)rotected steel tanks. 
Cistern overflows shouklnot connect with sewers. Rain-water usually has a 
mawkish taste which may be overcome by filtration and aeration. Rain- 
water filters should be designed with care; water should be stored before 
filtration to insure a low rate of filtration. For supplying, 400 gal. daily for 
4 months yearly, to a residence at Little Compton, R. I., from a catchment area 
(2500 sq. ft.) in the form of a sliinglcd roof, there were required a 10,0()0-gal. 
rain-water basin to utilize run-off during heavy showers, a slow sand filter 9 
sq. ft. in area, and a filtered- water basin holding 40,000 gal. Cost, in 1915, 
was $1500, exclusive of pumps, motors, and piping. Rain-water filters 
should have at least a 3-ft. depth of sand having an effective size of from 0.15 
to 0.30 mm. Maximum rate of filtration, 0 mgad. Filters should be ex- 
amined frequently and scraped when necessary. Provision should be made 
for aerating the water filtered. Sediment in cisterns sliould be removed 
frequently. 

Scrubbers, preliminary filters, and contact baffles are filters of coarse 
material to take the place of, or add to the efficiency of, subsiding or coagulat- 
ing basins. Figure 277 shows the contact baffles installed with the subsiding 
basins at Pittsburgh. These baffles are units each about 40 by 60 ft., and , | 
designed for a filtration rate of 67 mgad. The contact material is gravel froifi ^ 
0.5 to 1 ill. in diam.; depth, 8 ft. The baffles are cleaned by shutting down 

♦ See also pp. 431,^61 and 810. 

• 696 
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one unit at a time, and scouring out the accumulated matter with the streams 
from a high-pressure fire-hose. Preliminary filters of this type owe their 



^ ^ LongVKjdinol S©c?^>on 

Fto. 277.— Isometric view of typical unit and some details of contact .filteiis, 

Pittsburgh, Pa.* 

' '"ife^ncy in to plain subsidence, and in part to the removal of collpi<iiJ 
hy ^noutaet.v ^ For; subsidence alone, basins* are usually mor^ecdnmi^ 




Backwash 

Overfhv/ 

Pipe 


Raw Wafer 
Bypass 


PURiFie^io^ -pieoc^s®^ ■ 

cal. Contact is of great assistance in coagulation, and in 
and H 2 S by oxygen. • Preliminary coarse filters may be designed^ cfiScidnt 
for removing suspended matter, even quite fine particles, but difiScult 
ito clean unless of the rapid filter type. Usually, preliminary filters; excepting 
rapid sand filters, .filled with material of a diameter smaller than 15 mm,, are 
not practical unless the water contains iron or manganese or both, and little 
suspended matter. 

Intenmttent fiOlters are demanded where the water contains so much organic 
matter that the treatment must approach that for sewage. They are espe- 
cially necessary for treating 
odoriferous waters such as 
exist in the tropics and in 
certain shallow reservoirs in 
the temperate zone. Such 
waters are difficult to purify, 
either by slow or mechanical 
filters of the ordinary type. 

Double filters are also 
used. In Europe double 
filtration without coagula- 
tion at fairly rapid rates is 
preferred to rapid filtration 
with chemicals. 

Drifting sand filters, a 
modification of rapid sand 
filters, have been used in 
Toronto® since 1916. Co- 
agulant is introduced* as Sana/ 
water goes to filters. By 
causing the upper part of the 
sand bed to drift across the 
path of the raw influent 
water, most impurities are 
swept out, together with a 
part of the drifting sand, the 
latter being washed and 
returned by the constant cir- 
culation of the water and 
sand. The stationary lower 
portion' of the sand bed 
takes out the remaining 

impuriti^. As often as conditions demand, the bed is washed by reversed 
flow of filtered water. The coagulated raw water enters the filter partly 
by a standpipe at the center of the unit (Fig. 278>, passing up througi^: 
a separator or sand washer at the bottom, and discharging above the sand 
the top, and partly through a bypass. Within the sand washer, the ra#-wa^ 
ria (W like the tube of a Venturi meter, and the drifting,;^d'e(d| 

^ jy; the separator is inducted into the raw wgtor at 


Pjciraic/oi 





IiG. 278. — Tyincal unit of drifting-sand filter. 
(There are 30 . of these units in each of the 10 
filters of the Toronto plant.) 
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of the Venturi tube. This sand passes up the standpipe with the water and is 
delivered with it above the top of the sand already there, forming a volcano- 
like cone that continuously drifts away and is continuously being replaced, 
leaving a round-topped body of stationary sand below, whose surface is more 
than twice the plan area of the unit, which is an economy. The drifting sand 
passes down outside the stationary sand to a slot and ultimately to the sand 
washer. Here the sand falls to the bottom through a current of raw water 
and is picked up by the inductor. 

The loss of head in the fdters is initially 6 ft., gradually increasing to 11 ft., 
when the filter is back-washed. The length of run is 1 to 7 days, according to 
condition of raw water and amount of alum. Back-washing is effected by 
reversing the flow of filtered water through the bottom of the filter, the wash 
water coming from an elevated tank having a head of 25 lb. The wash water 
is 1 to 2 per cent., and in addition 2 per cent, of the water treated is lost through 
the sand washer. 


Table 263. . Toronto Drifting Sand Filter Plant Data, Toronto, Ont. 


Designer 

Plant put in operation 

Population (1920) 

Total cost, exclusive of land and 
wharf 


William Gore 

512,812 

$1,122,256.50 

Value of land for reservoir.. . . 

Value of land 

Reservoir 

Wharf 


7,937.50 

16,250.00 

45,000.00 

11,592.50 


Source of supply 

Rated capacity (gallons per acrci 

per day) 

Total cap. of subsiding or 
coagulating basins (gals.), , . . 

Chemicals used 

Manner of application of 
chemicals. 


No. of filter units 

Net area of filter surface (acjres) 
Depths of filtering material.s 

(inches) 

Sizes of filtering material (milli- 
meters) 

Cleaning of filter system 


$1,203,036.50 

Lake Ontario 
150,000,000 Imp. 

None 

Alum or chlorine or both 
Alum dissolved. Density of solution varied 
in hydrometer chamber according to dos- 
age. Application by Venturi rate con- 
troller proportionate to pumpage. Alum 
applied to suction of low lift pump. 

10 

0.4 

/ Gravel (9) 

\Sand (10) 
j Eff. size 0 . 3.5-^ . 4 
\ Uniformity coef. 1.8 

Continuous washing of drifting sand in sand- 
washers. Raw wash water used 2i%. 
Backwa.shing at intervals by usual mechani- 
cal filter method Filtered wash water 
used : 1-1 } per cent. 


No. of coagulating or subsiding 

basin i! ...... . 

Control of rate of ^tration 


None 

Hand regulation. Registering and iiidi- 
eating Venturi meters and registering lods 
of head gages. 
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Deferrization is the process of removing iron from water. In the abscBce 
of oxygen, this is soluble, unoxidized, and usually accompanied by mineral 
salts, carbon dioxide, and other gases, and perhaps by organic matter or 
manganese, or, indeed, free sulfuric acid. Iron can be precipitated from 
most ground waters — those low in manganese and vegetable organic matter— 
by simple aeration by spraying, followed by filtration through sand or even 
fine gravel. Provided the water be properly treated beforehand, the kind of 
filter has little to do with removing iron. Simple aeration oxidizes the iron 
from the soluble unoxidized form to the insoluble oxidized form, from ferrous 
to ferric hydrate. It also effects the removal of some of the carbon dioxide. 
One p.p.m. of oxygen will oxidize 7 parts iron; an excess of oxygen may be 
obtained by slight exposure to air. Ferrous hydrate oxidizes quite rapidly to 
ferric hydrate. This latter is insoluble and in most cases coagulates and 
precipitates rapidly. Some waters contain interfering substances which pre- 
vent the precipitation of the i^on, holding it in the colloidal form and making 
its removal by filtration difficult. Acida, organic matter, and manganese all 
interfere with the precipitation of ferric hydrate. It is not the oxidation, but 
the coagulation of iron, which is difficult to accomplish, as is the coagulation 
of similar small amounts of aluminum, 0.5 to 5 p.p.m. The rea(;tions involved 
may be expressed as follows: 

A, When iron exists as I )i carbonate, 

1. (Fe"C03 + COO* + O + H2O = re"(OH)2 + 2CO2 

Bicarbonate + air + water = Ferrous Hydrate -f (Jarbon Dioxide. 

2. 2Fe"(OH)2 + 20 + 2H2O = Fe2"'(On)’r> (Ferric Hydrate). 

B, When iron exists as sulfate, 

1. Fe"S04 + XH2 O ^ Fo"(OH )2 + H2SO4 + XH2O 
until equilibrium is estalilishcd. 

Then H2SO4 + (CaCC),, or Na2C03) = Ca804 + CO2 

Then Fe"(OH)2 + CO2 is liydrolyzed to Fc 2 "'(OH)r as in A. 

Pretreatment, Water must be so treated prior to filtration that not only 
will the iron be oxidized but the carbon dioxide will be (‘liminated as much as 
practicable. However, certain soft waters like those at Heading and Lowell, 7 
Mass., and West Superior, Wis., wliich arc from alluvial deposits or beneath 
marshy areas, cannot be saturated with oxygen witliout causing the formation 
of a compound of iron and organic acid whi(;h is extremely difficult to remove. 
The presence of a small (piaiitity of carbonic acid seems to be necessary to 
prevent the formation of this compound. Certain kinds of organic matter 
mutually precipitate one another. Other kinds, however, interfere seriously 
with the deferrization pro(;ess; at Merrimac, N. H., potassium permanganate 
had to be used to accelerate oxidation. 

Removal of CO 2 , Where complete removal of CO2 is requisite for coagu- 
lation of iron, it can be accomplished either by discharging the water over a bed 
of coke from 2 to 10 ft. thick and at a rate of about 75 mgad, or by discharge 
over superimposed shallow* trays filled with coke, as at Memphis. Waters like ^ 
those at Lowell and Reading can be coagulated and the interference of organs 
matter avoided by operating the coke bed submerged instead of trickling the 
water over it. This increases the time of contact. 

■ MH f^ouft iron (bivftlent); F'" ** ferric iron (trivalent). 
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At Brookline f Afass.,« experimente showed efficiency of preliminary treats 
ment to be dependent largely upon amount of dissolved oxygen added and 
carbon dioxide removed. Table 254 shows the exchange of gases brought about 
by different methods; also the beneficial effect of age due to accumulations 
of iron hydrate on the surface of the filtering material. 

Effect of Storage, Coagulation could be accomplished, but often at a pro- 
hibitive cost, by storing the water for 24 hr or more. The plant at Middle- 
boro, Mass® (see Table 256, p 701) is typical During 1914, the average 
results of deferiization were those given m analvsis, Table 255. The plant 
operated a pait of each day and delivered 320,000 g p d (nearly a thiid of its 
possible capacity) 


Table 264. Dissolved Oxygen* and Carbon Dioxidef at Brookline, Mass. 






Effluent from dtv ires for prcliminaiy treatment 


Pate 

1913 

Well water 

Spray aerator 
and 0 1-houi 
coagulating 
iiasin 

Spray aerator 
2-tt. coke tiuk- 
Icr and 1-lioui 

bUhlli 

Sprav aerator, 
'j-ft coke trick- 
ier and 1-hour 
basin 

Spray aerator, 
10-ft. coke trick- 
ier and 1-hour 
basin 


0 

CO 2 

0 

CO- 

0 

CO 

0 

CO 2 

0 

CO* 

Aug 7 . 

1 52 

48 0 

7 52 

21 0 

7 62 

15 0 

9 83 

12 C 

10 00 

8 2 

Aug. 21 

1 22 

41 4 

7 87 

14 2 

0 21 

13 4 

0 98 

10 2 

9 36 

9.6 

Sept 4 

1 25 

22 6 

() 87 

8 3 

8 19 

6 5 

10 57 

7 () 

9 20 

5 8 

Sept. 18 . 

1.61 

23 4 

7 83 

11.7 

8 67 

7 8 

9 06 

7 6 

9 22 

6 6 

Oct. 2 

2.02 

24 8 

8.04 

9 0 

8 55 

5 9 

9 15 

5 5 

9 30 

4.2 


* Parts per million 

t A higliei dcgiu of niiiovul of ( (> lias beon s<cur<d bj the plant in piutticr* 


Table 266. Results of Deferrization at Middleboro, Mass. 
P.irts per iiiilliun 


Detcruunutiou 

Well 

water 

Subsiding 
basin effluent 

Filter 

effluent 

Turbidity. . . . 

10 1 

7 0 

1 6 

Color . . . 

30 1 

17 6 

4 6 

Oxygen consumed. 

1 98 

1 60 

1 26 

Iron 

2 38 

0 67 

0 20 

Manganese 

0 71 

0 31 

0 12 

Carbon dioxide 

45 9 

5 6 

6 4 

Dissolved oxygen 

1 20 

10 14 

9 85 


t< 28 ' 3 ' M 



Fia. 279. 





^ ^ Ml 

Fi^re 27fl shows a typic^ trickier for use in connection with a d^errisa- 
tion plant. * The quickropening valve on the drain is not shown. The coke 
is supported on concrete slats, and water is distributed over thesurface of the 
coke by sprays. The diameter of the coke* varies from 1 to 2 in, 

Demanganization.’^ Chemically, manganese is closely related to iron; it 
reacts and precipitates more slowly and possesses the power of preventing 
the removal of the last traces of iron unless itself be removed at the same time. 
The process is similar to the deferrizatioii process, but more thorough pre- 
liminary treatment is necessary. 


Table 266. Data Relating to Typical Deferrization Plants 


Name of plant 

, Urbana, HI. 

Middleboro, Mass. 

* Iowa City, Iowa 

Plant put in operation 

1913 

1913 

1910 

Designer 

Population (1910) 

A. N. Talbot 

R. S. Weston 

N. Y. Continental 
Jewell Filtration Co. 

20,666 (including 
Champaign) 

8,214 

818,000 

10,091 

$26,000 

Total cost 

Cost per million gals. 

capacity. 

Source of supply 

Wells 

$18,000 

Well (near Nernasket 

$1 3,000 

Infiltration galleries in 


river) 

bed of Iowa river 

Rated capacity, gals, per 




day. 

Total capacity of subsid- 
ing QT coagulating basins, 
gals. 

2,000,000 

250,000* 

1,000,000 

2,000,000 



40,000 

250,000 

Total capacity of filtered 

water basin, gals. 

700,000* 

42,000 


Chemicals used 

Aeration only, no 

Aeration only, no 

Lime 

Manner of application of 

chemicals 

chemicaks 

applied near entrance 
. to settlmg basins 

chemicals. 



Number of filter units . . . 
Net area of filter surface, 

4 

2t 

4 

sq. ft. ' 

Depth of filtering 

720 ! 

Gravel (8), Sand (30) i 

! 

4,360 

Gravel (12>, Sand (36) 

700 

Gravel (12), Sand (28) 

materials, in. 

Sise of filtering materials, 

— ' ! 

Eff. sis5e0.31, uniforrn- 

Eff. size 0.54, uni- 

mm. 


t ity eoef. 1.80 

formity coef. 1.4 

Method of cleaning 

Ucyer.se flow^ 43f water 

Scraped by hand 

Reverse flow of water 


with agitation by 
oornpr€*.S8ed air. Oc- 
casionanv all of the 
sand is taken out and 


with agitation by 
compressed air. Ver- 
tieal velocity of wash- 
water 1 ft. per minute 


washed 


Number of subsiding or 




co^igulating basins. . . ; . . 

1 

1 

2 

Control of rate of filtratipn. 

Controlled by orifice 

Orifice type controlled 

Closed type of con- 

on raw-water pine. 

bv hand-operated 

troller 

. 

head being regulated 
by hand-operated; 

valve ! 

valve 



* These basins were in existence when iron removal plant was built and are used in connection 
therewith, t Also aerator and tricKlcr consisting of bed of coke 30 ft. diam. and 10 ft. deep, see 
.p. 649. 
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CHAPTER 33 


FILTRATION 

A filter consists of a layer of filtering mat(;rial, generally sand, througli 
which water is passed for the purpose of removing bacteria and other, sus- 
pended matter.. Said layer is supported by an underdrain system within a 
vessel or basin provided with various accessories. Filters act primarily as 
strainers, but the finest particles of silt and the larg(\st bacteria are greatly 
inferior in size to the smallest sand grains (see Fig. 280). Removal of fine 
suspended matter, including bacteria, is accomplished in part by the absorptive 
power of the surface film which surrounds each sand grain, particularly the 
sand grains in the upper layers of the bed. Another force which assists in the 
removal of suspended matter is the film which condenses on each particle of 
suspended matter. These films tend to coalesce with those surrounding the 



Fici. 280. — ^Ijargest bacto'ria (Mega- Fro. 281. — Coalescence of films on 
therium) and smallest sand particles large and small particles, 

drawn to same scale. (X50.) • (Pennink.) 

sand grains (see 1^'ig. 281). Another important factor is the orderly arrange- 
ment or orientation of water molecules against all surfaces, forming a thin 
stagnant layer which resists the passage of solids. It was formerly thought 
that the surface film layer, or ^‘schmutzedecke,^^ accomplished the removal of 
all the suspended matter, but experience has shown that thicker beds are 
steadier in operation; it is now believed that each particle of sand with its 
accumulated film, plays a more or less important r61e in the removal of sus- 
pended matter, although the greater part of the suspended matter is always 
removed in the surface layer of sand. 

The*two principal classes of filters are the slow (‘^slow sand” or ‘‘English” 
or “sand”), and the rapid (or “rapid sand” or “mechanical”) filters. Slow 
filters differ from rapid filters in that the rate of filtration is much lo\Yer and the 
filter is cleaned, by scraping off the superficial layer, which is washed and 
replaced either immediately or at some convenient time, while rapW filters 
a^d^^d byijeversedfibw at high velocity. WeU-desiguedand w^^perated^^^^^ 
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^ter plants can be depended upon to produce an agreeable and safe water 
Under practically all conditions. 

^ Water Purification Statistics. Pub. Works, V"ol. 54: 1923, pp. 399-401. 
.^Pata are tabulated from 70 cities. Ninety-three per cent, use Cl; 56 per 
“-Cent, filter. See also ^'Filtration Plant Census,^’ 1924, in J. A. W. W. A., 

. Vol. 14, 1925, p. 123. 

SAND* AND GRAVEL 

Filter sandf should be hard and resistant, preferably of (juartz or quartzite, 
and free from excessive (luantitios of fine particles and dirt of every descrip- 
tion. Filter sand should not contain more than 2 ])er cent, of lime and mag- 
nesia-calculated as carbonates. It usually reciuires washing and screening 
before placing in the filter. 

Size of sand grains f i.s determined by sifting through a set of rated sieves. 
About 110 g. of moist sand are put in a small iron dish and dried in an oven. 
After cooling, 100 g. are*put in the coarsest of a set of sieves, and the siev(*s are 
put in a mechanical shaker. A definite number of turns found by experience to be 
sufficient, is given. Shaking is not continued until no more passes, but only until 
the amount passing is small, so that doubling the numlxT of shakes would not 
greatly change the result. The sieves are then taken ajiart, tlie material that has 
passed all the sieves is first put upon the pan of the scah* and weighed, then 
the material remaining on the finest snwe is add(xl to it and again weighed. The 
process is continued until all the material is on the scale, when it should equal the 
original weight. The percentages finer than th(‘ si/es corn^sponding to tin' s(*veral 
sieves are then plotted on a diagram, from which the required data are taken. 

Effective size of sand is the size which is coarser than 10 per c(*nt of the sand 
grains by weight. The size of a sand grain is always taken as the diameter of a 
sphere of e(|ual volume. 

Uniformity coefiicient ft the ratio between the size such that 60 per cent of 
the sand is finer than it and the cfTectivi' size. (»S(‘(‘ also ])p 70!) and 720 ) 

In rating sieves, an ordinarv sand is put upon them and the* shaking is peiforii»‘d 
with the usual number of revolutions. The sieves an* then taken apart, each sieve 
i.s taken separately, and is given a further slight shaking. A small additional 
amount of sand passes. The grains so passing are substantijilly larger than all the 
grains that have previously passed .and smaller than those* that remain. This 
small quantity of sand represents the size of separation pf tlu* sieve. A certain 
number of sand grams are counted out and weighed on a fine balance, and tin* 
average weight obtained. The diameter of gr* in of av(*rage size is obtained by 
the formula 

1) (in mm.) - 0.9 ^ w — \ 

\sp. gr. Xtt'' 

w = weight in milligrams. 

There is a little difference in the results of using round-grained and sharp- 
grained sands, and between grains of different shapes, but the rating is best 
carried out with various representative sands. Rating of sieves once made 
does not change appreciably with use until some openings Ix'come enlarged 
or some wires become broken. When this happens the sieves should be at once 
replaced.® 

* 8e6 &lso Report of Investigations, 2622 (1924), U. S. Bureau of Mines 
tSw Repwt of Committee, J A W W A , Vol 11, 1924, p 677 

I Prom Haaen, “American Civil Enginc»f*rs Hand Book,” Mansfield Merrinian, editor (John 
Wiley and Sona, Inc., 1920), pp 1214*'1217». 



Simd Analysis. Figure 282 illustrates the method of analysing sand 
the results obtained thereby; it also shows, approximately, the relation betwe^ 
certain commercial brass wire cloths and punched metal and the sizes of sapd 
separated thereby. Standard cloths should be used if possible. • 


Mechanical Analysis of Sand — . 

for : — ne^5,J91Q^ 
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upon the size of the clay particles. Turbidity of sand prepared from , stock con- 
taining clay should always, be taken, but when there is no clay in the stock it is 
unnecessary to do it. Turbidity of slow filler sand should not be allowed to exceed 
4000 p.p.m., or 0.4 per cent., corresponding to about 0.2 per cent, actual clay.*^^ 


Preparation of Filter Sand and Gravel. Sand for filters can be obtained 
from a wide range of raw material. Occahionally sand may be found which is 
of such size, uniformity, and degree of cleanlihess that it may be used without 
screening or washing. Other sands require special preparation. Sand may 
be dredged from river bars or beaches and pumped through screens or riddles 
to remove the coarser particles. The finer i)articlcs, including clay, may bo 
most conveniently removed by washing the sand in a box (hooper at one end 
than at the other and provided with pipes for distributing the water along its 
bottom. The dirty sand is dumped at the shallow inl(‘t end and the clean sand 
•is taken out through a sand valve at the deeper outlet end. Meanwhile, the 
wash water moves upward perpendicularly to the jiath of the sand and carries 
with it the dirt and fiiier particles. Sand containing as high as 10 per cent, 
of fine material may be prepared by this nu't hod .5 

Sizes of Separation. The hijdraulic valuelf of sand of sizes ordinarily used 
in water filters is approximately as follows: Effective size in mm. X 100 = 
hydraulic value in mm. jier see. The size' of sejiaration in sand- washing boxes 
depends upon the area. of the box and the method of distributing the wash 
water. The approximate size of separation such that 75 per cent, of the 
particles of that size will be retained, may ])o computed by the formula 


D in mm. = 0.065 / 


g.p^. of water overflowing 
sq. ft. of box area 


/ = factor d(*terrnined by sue and sliap(* of box, and varies from 3.0 


for an ordiryiry box to 1.5 for a well-designc'd box with uniform 
distribution of wash water. 


Voids in filter sand vary from 35 to 45 per cent., according to imiforiiiity 
coefficient and method of jilaeing. Loosely plae(‘(l sand may scdtle as much as 
15 per cent, after a filter is filled from below with wat(‘r. Moist, imeked sand 
settles from 4 to 8 iier cent, when thus filled with water. Sand placed by 
hydraulic methods or when perfectly dry, packs closely. IMermiriation of 
voids in sand is made by driving a sheet iron cylinder into the sand so as to 
fill it completely; the sand removed from the filled cylinder is dried, weighed, 
and the volume of the solid particles computed (sp. gr. sand = 2.65). The 
volume of sand is compared with the volume of the cylinder. 


SLOW FILTERS 

Structural Features.§ Slow filters are masonry basins, usually covered, 
varying in area from a few square feet to 1.5 acres, filled with sand, under- 
drained, and provided with pipe connections and appurtenances. The main 

* Disoharge’eacfiBcient (r) for any gravel is 1000 Q (0 « njga 1 passing when "" 

0.001). Friction h^ad in gravel « i r-- ^ ^ !1* . (Set* Fig 228 ) 

Average gravel depth X <• 

” i dictanoe between drains * 

t Vaiocity inquired to float the partioleu in mm per second 
I For sand for rapid filters, see pp 720. 

Iltfeateop.538. 




Fig. 283. — General view of slow filter plant. 

(Reproduced by permission from “ Water Pxirification Plants and Their Operation/* by Milton F- Stein, p. 23, published by 

John Wiley & Sons, Inc., 1926.) 
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drains are usually built into the masonry bottom .while the connecting laterals 
are laid on its surface and are covered to a depth of a foot or more with three 
or more layers of gravel to support from 2 to 5 ft. of filter sand. Figure 283 
shows a typical plant. It consists of duplicate sedimentation basins, d, the 
filter units, the laboratory c, etc. Low-lift pumps, fc, take water from intake, 
a, and deliver through aerating risers, c, to sedimentation basins, d. Water 
is uniformly distributed to filters, g, by a float valve. Collector pipes, j, collect 
the filtered water and lead to the main collector, K, which leads to the regu- 



lator house, /, whence it flows through regulating orifices to tlie clear water 
well. A portable sand ejector, is employed when the sand reciuircs washing. 
Sand washers, w, discharge the clean sand to sand storage l)ins, x. 

Principle. Water usually enters the filter through a float valve or other 
device for maintaining a depth of from 2 to 5 ft. above the sand surface. The 
effluent discharges through a gate house in which are located various gates 
and valves, and devices for regulating the flow according to loss of head and 
rate of filtration. The passage of the water through the sand is attended with 
loss of head which gradually increases as the filter becomes clogged. Wlien 
clogging has reduced the working head to the practical minimum, the influent 
valve is shut and the filter is allowed to drain until the sand surface is exposedj 
when the surface of the filter is raked to facilitate passage of water, or is 
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cleaned by scraping off a thin layer of sand which is usually washed and 
replaced. 

Slow vs. Rapid Filtration. The chief advantages of slow filtration over 
rapid filtration are; (1) The application of chemicals is generally obviated; 
(2) The effluent is usually less corrosive; (3) the mechanisms are less intri*- 
cate; (4) less and less expert supervision is required; (5) where no disinifectants 
are used, the bacterial efficiency is higher. The chief disadvantages are: 
(1) the large area required; (2) the higher cost especially in northern climates, 
where a roof is needed; (3) low efficiency of color removal (20 to 50 per cent.); 
(4) less flexibility in meeting emergency demands; (5) poor results if turbidity 
exceeds 40 p p.m. 

Economical Dimensions of Rectangular Filter Beds. Gregory* gives 
diagrams, Figs. 284 and 285, p. 707, computed from the following data: n = 
number of beds; A = total area of all beds m scj. ft , w’ = width of 1 bed in ft.; 
/ = length of 1 bed in ft.; r = latio of widtli to length of 1 bed; Co *= cost of 
outside walls per liri. ft.; Cd = cost of dividing walls per lin. ft.; C = total 
cost of walls. Figure 284 applies to a single series, Fig 285 to a double series 
of beds. Number and size of Jxds in small filter plants are matters requiring 
judgment more than computation. 

Area of individual filters depends upon the capacity of the whole plant, and 
should be small enough so that at least one hltei in a small, oi two in a large, 
plant can be out of service at all times for cleaning. 

ITnderdrain systems must be so designed that, at the nominal rate of filtra- 
tion, the frictional resistance of the whole system will be about 25 per cent 


Brcfss Orifice 

^ PMe se-hn Compensating Orifice 

‘ Cement 

Concrefe Cover 


Typical Section through Mam Drains 



J?''^plitTi/e 

IO"SplifT,h^ 



Typical Section through Piers 


Fig 2S6 —Filter drains (Springfield, Mass.) 


of that of the clean sand In other woids, the work should *be equally 
distributed over the whole of the sand area. In large filters, compensating 
orifices (Fig. 280) may be used m the lateral undci drains to effect a better 
distribution of heads and pressuies. Capacities of tile underdrains are 
given in Table 257, details are illustiatcd m Fig. 286. 


Table 267. Underdrains for Slow Filters (No Compensating* Orifices Used) 


Hate of filtration, million gallons per acre daily 

5 

6 

8 

Iff 

16 

Average resistance of clean sand m feet 

0 150 

0 180 

0 240 

0 300 

0.450 

Total Sfiowable friction and velocity head m un- 





0.112 

derdrainage system, foet 

0 037 

0 045 

0 060 

0,075 

Approximato ratio of filter area to area of mam 
drain 

6100 

4700 

4200 

3800 

3200 

Approximate maximum velocity in mam dram 
(varying somewhat with size), ft. per sec . 




1.34 

1.68 < 

6 90 

1 00 

1 18 

Approximate maximum velocity in laterals 
(varying soinewhat with size), ft. per sec 

0.82 

1.04 j 

0.55 

0.61 

0,72 
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Table 258. Maximum Areas of Filter Beds Drained in Square Feet’ 


Diameter of 
drain, inches 

Shape and kind of drain 

Rato of filtration, million g^lone per acre per dagr 


6 

8 

10 

15 

4 

Round lateral 

264 

246 

218 

200 

168 

5 

Round lateral 

420 

390 

345 

316 

266 

6 

Round lateral 

610 

570 

600 

460 

390 

8 

Split lateral. . . ‘ . . 

520 

490 

430 

400 

320 

10 

Split lateral 

830 

770 

680 

630 

530 

12 

Split lateral 

1,200 

1,120 

1,000 

910 

770 


Round main 

2,700 

2,500 

2,200 

2,000 

1,700 

12 

Round main 

3,900 

3,600 

3,200 

2,900 

2,400 

15 

Round main 

6,200 

6,800 

5,100 

4,600 

3,900 

18 

Round main. 

9,000 

8,300 

7,400 

6,700 

5,600 

21 

Round main. 

12,300 

11,400 

10,000 

9,100 

7,600 

24 

Round main . . 

i 16,100 

14,900 

13,200 

12,000 

10,000 


Round main . 

1 37,000 

34,000 

30,000 

27,000 

22,000 


Masonry roofs with eaith covers are lequired for all cold regions, g(‘n,erally 
speaking, for all cities north of the Potomac and Ohio Rivers. South of this 
line, filters may have to be covered with light-tight roofs to prevent growths 
of algae. Typical cross-sectioiih of covered filtcis at Middletown and Spring- 
field, Mass., and Washington, I). C\, are shown in Fig. 287, which also shows 
clross-sections of two, covered, filtered-water reservoirs. The groined arch 
is usually the cheapest form of roof which affords sufficient head room above 
the sand, although in some places* a reinforced slab roof on nunforced-con- 
crete columns, as used for reservoirs, was considiTcd advisable (see discussion 
on p. 547). 

Gravel is placed usually in three or four lay(‘rs, lowest layer about 7 in. 
thick of a size passing 11 2-in. and letained on a J-in. screen, effective size 
about 20 rnm.; middle layer 8 in. thick of a size passing a J-iii and retained 
on a J-in. screen, effective size about 8 nim.; and top layer 2 in thick, of a 
size passing a 3 -in. scieen, effective si/e 2 to 3 mm. The (‘ff(‘ctive size of the 
supported layer should be at least \ of that of the supiiortmg layer. 

Gravel should be omitted about the pieis and along the walls for a width 
of 2 ft. to lessen the chance of imhlteied water rea(*hing undei drains without 
first passing through sand. For the same reason jiiers and walls should bo 
battered or stepped. 

Gravel can be obtained from a wide range of raw material. It should be 
prepared by screening and washing. Crushed rock may be used where gravel 
is not obtainable. Often enough gravel may be sieved from the source of 
filter sand. Figure 288 shows the values of the discharge coefficient (<?) for 
gravel of different effective sizes (p. 705). 

Sand. Ordinarily the sand for slow filters should have an effective size 
of from 0.25 to 0.35 mm. and a uniformity coefficient not over 3.0. It should 
contain not much more than 2 per cent, of calcium and magnesium computed 
as carbonates; 

Wmhing and Eandlin^ Filter Sand. In all types of filters, sand is usuatt|? 
bandied and washed hydraulically. Sand scraped from slow filters k usually 

MontMal, Keene, N H , New Haven, Conn 
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Fig. 287.— Masonry structures of typical reservoirs. 
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gathered into piles and removed from the filter by means of portable ejectors, 
Fig* 289* Each consists of a tight metal box carrying a large ejector open^t** 
ing with water under pressure furnished through a short 2J-in. hose attached 
to one of several hose connections in a 3-in. or 4-in. high-pressure main run- 
ning through the filter. The sand is shoveled into the ejector, usually through 
a screen, to prevent the entrance of gravel into the throat of the ejector. 
Sand is kept in a suspended state by peif orated irrigating pi])es in the bottom 
of the box. It is kept from packing and arching by sprays impinging upon 
the top sand in the ejector. A mixture of sand and water })assiiig through the 
throat of the ejector is convoyed through discharge hose and connecting piping 



Fio. 2SS Values of c for gravel. 


to a sand-washing macliine consisting of two or mor(‘ hoppers. In these hop- 
pers, dirt and fine particles of silt are washed from the sand and then the ck^m 
sand is discharged by the ejector at the bottom of the final hopper, to a storage 
pile in a sand court, to elevated storage bins, through a special device for 
separating sand from water which can be placed over a filter manhole and dis- 
charge the sand directly into the filter, or directly into another filter which is 
out of service. In the latter case, the sand may be discharged through multi- 
ple nozzles at the end of the sand hose supported by a boat or by a carriage 
supported on tracks within the filter. Meanwhile, water is passed slowly 
through the filter from below, escaping over the wall of the inlet chamber* 
The water surface serves as a guide for leveling the sand. 

Per cent, of water for cleaning sand, etc., varies from 0.25 to 1 per cent, of 
the water filtered. 
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rm«to«ce to be overcome in the sand discharge piping is made up of 
actual lift and friction. For the lift, multiply the actual lift in feet by the ^ific 

pute the friction for water alone, and add 3.5 ft. per thousand for each per cent, of 
Mnd in the mixture. For 6-in. or larger pipe add 2.5 ft. and for 2 . 5 -in. hose, add 
4.6 ft. per thousand. These figures will be close enough for velocities 5 ft. per sec 
.or over Sand and water mixtures will flow well at all velocities above 6 ft. per 
sec. and fairly well from 4 to 5 ft. per sec. Between 3 and 4 ft. per sec. there will be 
more nc ion than calculated and some stoppages; and below 3 ft. per sec filtes 
sand and water mixturcb will not flow. 


Velocity in J ^ I37.5 ^u. yd pe, J.r 

ft. per sec. J Per cent of sand in discharge X (diani of pipe m in.)® 

Cu. vd. ner hr 3d = j er cent, sand X velocity X diain ^ 

137:5 



Fio. 2.S0. — Portable sand ejector. 
(Stem’s “ Watir Purification ”) 


Hyibaubcs of Sapd Handling. Theoretically the best form for the throat 
of M ejector is that which approxiiiiates the Venturi tube. Given this shape 
and the best size for any given addition, the approximate relations are thoM 
given m Table 259. 

Ejedor ikroata wear rapidly, and the efficiencies ' with somewhat worn 
■ throats would be those c-oniputcd by the formula below (Table 260). Some- 
thpes throats are lined with soft rubber to lesson wear, or readily replaceable 
wrought-iron nipples arc used. 
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‘Am. C. E. Handbook,” Mansfield Mernman, editor, John Wiley and Sons, Inc , 1920, pp. 1217-121S, 
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Table 260. Sand Handling Data>e 


Per cent, of sand in water thrown by vol. 

6 0 

10 0 




30.0 

Specific gravity of mixture 

Per cent, slush by volume* 

1.05 

1.10 

1.15 


1.25 

1.30 

8.3 

16.7 

25.0 

33.3 

41.7 

50.0 

Per cent, nozzle water by volume 

91.7 

83.3 


66.7 

58.3 

50.0 

Weight of slush f per part water from nozzle 
Q = ratio total weight of discharge to 





1.14 

1.59 

weight of jet water 

1.15 

1.32 

1.63 

1.80 

2.14 

2.69 

P = proportion of jet pressure developed 

in discharge 

T = ratio of diameter of throat to diameter 





BE 

0.10 

of jet 

V « ratio of velocity in throat to velocity 

1.18 

1.33 

1.51 

1.73 


2.43 

in jet 

0 79 


■ISi 

isBsiy 

Dh 

0.35 


The formula (P 4- * =■ 1 0 5 appliosr to well-shaped Venturi throat ejectors throwing sand 

The best results are obtained when QV — 0 with f) oi 10 per cent vination either way, and within 
this approximate range PQ^ = 0 (>5 I'his is the most convenient equation for comparing 
efeciencies 

t Slush n suspension of sand in water 


Table 261. Sizes and Capacities of Nichols Sand Separators 


Site 

Maximum capa- 
city p<*r hour 

Height 

Extreme diam- 
et€‘r of frame 

Weight 

Pipe 

connectioik 

30 in. 

7 cu. yds. 

5 ft. 0 in. 

3 ft. 8 in. 

500 lbs. 

3 in. 

36 in. 

10 cu. yds. 

5 ft. 6 in. 

4 ft. 0 in. 

600 lbs. 

3 in. 

42 in. 

15 cu. yds. 

G ft. 4 m. 

4 ft. G in 

700 lbs. 

3 in. 


Nichols sand separator (Fig. 290), is a device which combines the functions 
of both hopper washer and sand separator. Sand and water are conveyed to 



this machine by means of an ejector (see p. 712). As the mixture, containing 
from 10 to 25 per cent, of sand, passes into the separator, it strikes a series 
of baffles which precipitate the clean sand to the bottom, where it may be dis- 
charged through a valve, while the dirty water discharges through a pipe at 
the top. The sand is returned to another part of the filter; any depth may be 
washed. 

Blaisdell washing machine cleans the sand in a slow filter by methods 
analogous to those used for washing mechanical filters. In its newest form, 
the Belt-Tread Filter Washer, it consists of a gasoline-engine-driven tractor, 
traveling over the sand surface and carrying a washing box, 6 by 1 ft., contain- 
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ing six w^hing units, each consisting of a system of eight revolving teeth and 
jets. Wash water from a hose is forced through the revolving jets and is 
sucked away from the washing box by a pump which connects through a hose 
with the sewer. As the washer is driven over the filter, with 8 in. of water 
above the sand surface, it washes successive areas of sand to a depth of 8 ft. 
With its use, rates of filtration as high as 30 mgad. may be practicable, while 
the consumption of wash water may be less than 2 per cent. Installations 
with the washing chamber suspended from a traveling crane are at Montreal, 
Que., Wilmington, Del., and Calexico, Cal. The machines in use require 
considerable repairing for efficient operation. 

The cycle or period of a slow filter is the time between cleanings expressed 
in millions of gallons per acre. That is to say, if a filter operates 20 days at a 
5-million rate, the cycle is 100. The average cycle for a plant is found by divid- 
ing the number of million gallons filtered in 1 year by the total number of 
acres of filter surface cleaned. Cycles are increased by drawing the water off 
when the loss of head has reached the allowed limit, and raking the surface 
of the sand and then proceeding. It does not usually pay to rake more than 
once in one cycle. Thorough sedimentation lengthens the cycle. Applica- 
tion of coagulant lengthens it, if applied sufficiently long before filtration, 
but with a short period of coagulation after application it shortens it. Pre- 
liminary filters lengthen the cycle. Cycles commonly range from 50 to 200; 
if they average less than 50, there is something wrong with the arrangements. 
Cycles are virtually the ^^yields of runs.’^ 

Loss of head in slow filters is commonly limited to the depth of water above 
the sand, 3 to 5 ft., but losses up to 5 or 6 ft. are sometimes permitted, although 


Table 262. Losses of Head in Feet for Various Rates of Filtration 
with Clean Sand 3 ft. Thick 

• c = 700 t - 50°F. 


I^te of filtration 
million gals, per acre 
daily 

Effective size of sand — milliinetcrs 


1 0.25 

1 0,30 

1 0.35 

1 0.40 

1 0.45 


1 0.55 

1 0.60 

1 

0.10 


IroBfl 

1 0.03 

0.02 

[KlSSi 

0.02 

1 0.01 

0.01 

2 

0.20 

0.13 

mmm 



0.04 

0.03 


0.02 

3 

0.30 

0.19 

0.13 

ESEl 

0.08 

0.06 



0.03 

4 

0.40 

0.26 

0.18 

0.13 

■mnj 

0.08 


0.05 

0.04 

5 

0.50 

0.32 

0.22 

0.16 



0.08 


0.06 

6 

0.60 

0.38 

0.27 


M 1 

0.12 

0.10 

BBS 

0.07 

7 

0.70 

0.45 

0.31 

0.23 


0.14 

0.11 


0.08 

8 

0.80 

0.51 

0.36 

0,26 

ME !■ 

0.16 

0.13 

0.11 

0,09 

9 

0.90 

0.57 

lilcnl 




0.14 

0.12 

0.10 

10 


0.64 

0.45 

0.33 



0.16 

0.13 

0.11 . 

12 

1.20 

0.77 

0.54 

0.40 



0.19 

0.16 

0.13 

14 

1.40 


0.63 

0.46 

0.35 


0.22 

0.18 

0,16 

16 

1.60 


0.72 

0.53 

iwra 


0.26 

0.21 

0.18 

18 

1.80 

1.15 

0.81 

0.59 

EX9 


0.29 

0.24 

0.20 

20 

2.00 

1.27 

0.89 

0.66 

■JRil 


0.32 

0.27 

0.22 

100 


6.37 

4.46 

3.28 

2.61 

1.98 

1.61 

1.33 

1.11 

125 

12.52 

7.96 

5.67 


3.13 

2.48 


1.67 

1.39 

160 

15.03 

9.55 

6.69 


3.76 

2.97 

2.41 

1.99 

1.67 

175 

17.54 

11.14 


5.74 

4.38 

3.47 

2.81 

2.33 

1.95 1 

200 


12.74 

8.92 

6.66 

6.01 

3.96 

3.21 

2.66 

aaai 
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this is liable to result in ^‘air binding^' due to the liberation of dissolved air in 
the sand. Initial losses of head with clean sand are given in Fig. 298, p. 727. 

Rates of filtration employed with slow filters filtering river waters without 
preliminary chemical treatment are about 4 mgad. For lake and reservoir 
waters rates twice as high are used. For filtering river waters after p^limi- 
nary chemical treatment and subsidence rates as high as 10 mgad. can be 
used. For defcirrization, a rate of 10 mgad. is satisfactory. With auxiliary 
disinfection, or when Blaisdcll Washers are used, higher rates arc practical. 
There is a tendency toward higher rates. 

Regulation. Rate of filtration in slow filters may be controlled by hand- 
operated gates and measuring devices, preferably of the orifice or Venturi 
type. These latter may be connected with either indicating or recording 
devices, the latter preferred. When Venturi meters arc used, indicating and 
recording devices usually show both loss of head and rate of flow. Automatic 
controllers with hydraulic valves actuated by the Venturi meter mechanism 
or other controllers may be used, but arc not necessary for rates less than* 6 
mgad. 

Raking. In some filters, esj)ecially those used with deferrization plants, it 
is desirable to retain as large ain accumulation on the surface of the sand as 
practicable in order to increase the efficiency of the process. In such filters, 
when the maximum loss of head is reached, the filter is drained, raked, and 
put into service without removing the sand. Raking between scrapings is also 
practiced to reduce cost of sand handling but is not successful with all waters, 
although sometimes a filter may be raked two or three times between scrapings. 

Scraping. When the maximum loss of head is reached, from f to 1 in. of 
sand is removed either by scraping and ejecting as described under ^^Sand 
Handling,” or, in some old plants, by scraping into wheelbarrows. Some- 
times, in cold weather, it is the practice to scrape and pile the sand and remove 
it from the filter at a more convenient season. 

Starting. After raking or scraping,* the filter should be started slowly, 
and the rate gradually increased until the efficiency of the filter is established. 
Filters reciuirc a period of biological construction or film-forming in order to 
attain their maximum efficiencies. Old filters, therefore, are much more 
efficient than new. 


RAPID FILTRATIONf 

Principle. Rapid filters, like slow filters, depend upon straining action 
and surface adsorption for their efficiency. With rapid filters, surface adsorp- 
tion is increased and higher rates made practicable by applying chemicals to 
form flocculent precipitates, whose large surfaces attract and adsorb suspended 
matter and color. Where the preliminary flocculation of g^uspended matter is 
thoroughly accomplished, efficient clarification may be obtained at almost 
any practiOable rate of filtration. Rapid filters are washed by reversing the 
current of water through the sand. 

Tjrpes. Rapid filters may be gravity or pressure. Gravity filters are 
^placed near the hydraulic grade line of the influent. Pressure filteie are 
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placed well below the grade line, and choice is determined by hydraulic and 
topographical conditions Pressure filters (Fig 291), are closed cylinders 
steel or iron, through which the water is forced by pressure Gravity filters 
are m open vessels (Fig 292), of wooden, steel, or concrete construction. Fig- ^ 
ure 295 shows a filter designed for washing at high velocity. 



Fig 291 — Honzont il pn ssure filh i, n verso ( urre nt w ash 

(Am Water Sufitiitr Co ) 


Pressure filters* of steel or iron, through which the water is forced 
are generally most suitable for small installations although there are large 
plants at Atlanta,! East St Ixmis, Davenport, Iowa, Tone Haute, Ind , and 
m industiial plants 

Pressure filtei s may be vei tu al oi horizontal Where hydi aulic ( onditions 
demand, and the water is properly treated before filtration, pressure filters 



Pl^^-n Section 

Fig 292 — Circular (wooden) gravity filter 
(International filter Co ) 


may be operated successfully, piovided, however, the same attention be given 
to the design of the filter — particularly its unde i dram system — and washmK 
and regulating devices, — as is given to the design of gravity filters. Gravity 
filters are usually preferable, and where considerable preliminary treatmet||j|^J 

* See “Pr^ure Dltew,” by H Stevens J A W W A Vol 3, 191ft, pp 760-77«t 4 

tlio EU^, Water Purification McGraw>HiU Book Company, Inc , / 


t Superseded by gravity filtere m 1924 
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Table 263. Dimensions and Capacities for Steel and Cast-Iron Pressure Filters'^ 

Vertical Filters 


Size 

Area,t 
sq. ft. 

Capacities, g.p m. 

Pipe size, inches 

Minimum 
gallons of 
wash water 
at 12 gals, 
per sq ft 
per min 

At gals, per sq ft. per min. 

Inlet, 
outh t, 
wash 

Waste 

to 

sewer 

2 


4 

Diam. 

in 

VERTICAL FILTERS 

12 

785 

1 57 

2 35 

3 04 

i 

1 

9 42 

14 

1 06 

2 12 

3 18 

4 24 

1 

15 

12 72 

16 

1 39 

2 78 

4 17 

5 56 

1 

q 

16 68 

20 

2 18 

4 36 

(> 54 

8 72 

U 

q 

26 16 

24 

3 14 

6 28 

9 12 

12 5 

ij 

2 

37 

30 

4 90 

9 8 

14 7 

19 6 

q 

2 

60 

36 

7 00 

14 1 

21 1 

28 2 

2 

2J 

84 

42 

9 62 

19 2 

28 8 

38 5 

2 

25 

115 

48 

12 56 

25 1 

37 6 

50 2 

25 

3 

150 

54 

15 90 

31 S 

47 7 

()3 6 

25 

3 

190 

60 

19 63 

39 2 

5S 8 

78 5 

3 

4 

235 

72 

2S 27 

5(1 5 

81 8 

113 1 

4 

5 

339 

S4 

38 4S 

76 9 

115 4 

153 9 

4 

5 

4()0 

96 

50 27 

1(K) 5 

150 8 

201 1 

5 

0 

600 

Length, 



HORIZONTAL FILTERS, 8 ft di im. 


fit 








16 

68 5 

137 

205 5 

274 0 

6 

8 

822 

12 

83 4 

166 8 

250 2 

3.13 0 

0 

8 

1000 

14 

98 2 

196 4 

294 6 

392 8 

6 

8 

1178 

16 

113 1 

226 2 

339 3 

452 4 

8 

10 

1357 

20 

142 7 

285 4 

428 1 

570 8 

8 

10 

1712 

25 I 

179 8 

359 6 

539 4 

719 2 

8 

10 

2157 


* Recommended by the Associated ManufacturcrB of Water PurifyinR Equipment, July 7, 1922 
t Area of segments of the 2 dished heads -= 9 2 sq ft Aiea p( r li«( al foot of bed in the cylinder 
■* 7 42 sq ft Example 8 ft by lb ft filter ana per hi ul =» 9 2 sq ft Area in cylinder 14 by 7 43 
«>» 103 9 Total eflfeetive area *= 113 1 sq ft 

S L -» Overall length of filter and area of bed calculated for surface of bed 18 in above center of 


Table 264. Dimensions of Vertical Steel Filters 


Diam , 
in 

Working pr<s«mif 
O') lbs p(rs(i 111 


Working pressuic 
100 lbs pci sq in 


W orking pressui e t 
125 lbs per sq m 


Shell 

Head! 
thuk- 
nr ss 

in 

Shell 

Headt 

thick- 
m 9 s 

in 

Shell 

Headt 

thick- 

ness 

in 

Min eff 
joint, 
per cent 

Tluok- 
11C8H, in 

Min eff 
joint, 
pt r cent 

Thick- 
mss, in 

Min eff 
joint, 
per ct nt 

Thick- 
ness, in 

24 

50 

1*0 

1 

4 

50 

IC 

4 

50 

i 

■a 

30 

50 


1 

4 

57 

i 

A 

50 

A 


36 

50 

A 

1 

4 

57 

i 

A 

70 

i 


42 

57 

1 

ifl 

70 

\ 

4 

1 

70 

A 

■9 

48 

57 

1 

4 

A 


1 

4 

1 

70 

A 

— 

54 

57 

1 

4 


70 

A 

A 

70 

1 


60 

57 

5 


70 

A 

A 

67 

A 

1 

72 . 

'72 

i 

i 

69 

1 

1 

66 

i 

A 

84 

70 

A 


66 


TI 

66 

iV 


96 

69 


A 

68 

i 

1 

68 

f 



Standard manholes 11 by 15 In or 10 by 16 in 
f Heads dished to radius of diameter of tank 
X Hydrostatte test 50 per cent m excess of working pressure 
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must precede filtration, as is usually the case, a pressure filter is rarely more 
economical either in construction or operation, and it is generally more difficult 
to get satisfactory results with it than with gravity filters. 

Specifications, Cast Iron Pressure Filters.'^ 

To be gray iron casting having a tensile strength of approximately 20,000 
pounds per square inch. Hydrostatic test 50 per cent in excess of work- 
ing pressure to be applied Heads dished to radius equal to diameter of 



Fig. 293 — Front elevation and plan of hinglc-eylmder water filUi showing, 
by shaded lines, suggested by-pass arrangement and conncitions to b(‘ made to 
supply house and water mams 

(Loomis-Manning ) 

Fig. 294. — Intermittent barrel filter for drinking water For (ontractors' 
camps, country use, etc. 

shell may be modified with rib reinforcement to same thukiioss as shells. 
Variations of J in. in these thicknesses of shells and heads and flanges to 
be permissible, 

Small filters are usually of the pressure type (pp 717). They arc, as ^ 
rule, fitted with a differential device for feeding alum (not sulfate of alumina)* ^ 

^ Recommended by the Associated Manufacturers of Water Purifying Equipment, July 7, 192^* ^ 
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(Fig/ 293). An intermittent sand filter and reservoir made of 50-gat barrels 
shown* in Fig. 294. Water is applied at the rate of three buckets or garden 
pots at a time. The sand should be allowed to drain after each application. 
The filter has a capacity of 150 gal. per 24 hr. 


Table 266. Dimensions of Cast-Iron Pressure Filters’" 



6.5-pounds working pressuro 

100-pound working pressure 

Diam in 

Shell 

Head and flange 

Shell 

Head and flange 


thickness, in 

thickness, in 

thickness, in 

thickness, m 

12 

5 

s 

7 

8 

s 

8 

1 

14 

5 

7 

8 

12 

}i 

16 

S 

8 

7 

6 

U 

20 

1 rt 

1 'i 

1 A 

1 

1 

24 

ts 

1 

i b 

1 A 

V 

8 


30 

i 

1 

n 

36 

12 

1A> 

lit 

It's 

42 

1 1 

V 

8 

1,' 

1 

li 

48 

u 

1 *6 

i.V 


* Tensile strength 6f st(tl jilatt 5'>,000 lbs to 65,000 lbs 


Gravity Filters. Gravity filters are built of wood or reinforced concrete, 
usually the latter; it is of paramount importance that the concrete work be 
watertight to prevent the mixing of unfiltered and filtered water and the entrance 
of air into the underdrains. The arrangement of a typical rapid filter plant 
is shown in Fig. 295. Ordinarily rapid filters are arranged in double rows 
with conduits, pipes, and appurtenances in a gallery between. Typical 
arrangements are shown by Figs. 295 and 296. 

Filter Sand.* Because it is graded hydraulically during washing, sand for 
rapid filters must be carefully selected. Its effective size may vary from 
0.35 to 0.50 mm., although a range of from 0.40 to 0.45 suits most conditions 
best. If used in a softening plant, the Ksand grains will increase in size due to 
accretions of carbonate unless the water be acidified before filtration. The 
uniformity coefficient of rapid filter sand should not exceed 1.6, and it should 
contain not over 2 per cent, of particles passing a No. 80 sieve (separation 
size 0.25 mm.), or, expressed more in accordance with the needs of filters 
washed at high velocity, it is desirable that in the portion of the sand which 
will pass a No. GO sieve (separation size 0.36 mm.), the 1 per cent., 10 per cent., 
^^nd 60 per cent.-sizc should bo determined and preference should be given to 
sands which most nearly approach the condition where the 1 per cent.-size 
is not less than 1.85 times the 10 per cent.-size, and the 60 per cent.-size is not 
greater than 1.5 times the 10 per cent.-size. The tendency of practice is 
toward better treatment, coarser sand, and higher rates of washing. 

Areas and Rates. Nominally, rates may vary from 100 to 150 mgad., 
but ordinarily areas are provided for rates of 2 gal. per sq. ft. per min. plus an 
allowance for wash water, say an area of 365 sq. ft. per mgd. At Detroit, 
higher rates are employed equivalent to 265 sq. ft. per mgd. With better 
preliminary treatment and more general use of chlorine as a disinfectant, 
there is a tendency toward higher rates and coarser ^ands, but the most 

f Witn oaroon « 









ee(>zu>mioal rate of filtration to be adopted in any case is dependent upon't^e 
character of the applied water. Owing to high initial loss of head and conse* ' 
quent narrow ranges in losses of head possible, the employment of rates hi gW 
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Cro» Section Through Mechontcol Filter (AKron) 
Fia. 296. — ^Akron, O., filter plant. 

(Courtesy of F. 4. Barbour, C. fi.) 
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bacteriologically. A considerable factor of safety must be used in filter design, 
especially where the character of the raw water fluctuates greatly. 


Table 266. Sizes and Thickness of Gravel in Rapid Filters 


Place 

Cincinnati 

Newmarket, 
N. H. 

Providence 

MiraSores 
C. Z. 

Toledo 

Type of bottom 

Strainers 

and 

troughs 

Wheeler 

Harrisburg 

Falae bot- 
tom 

Perforated 

pipes 

Thickness of bottom layer, in. . . 

Sise of bottom layer, in 

Thickness of 2nd layer, in 

Sise of 2nd layer, in 

Thickness of 3rd layer, in 

Sise of 3rd layer, in 

Thickness of 4th layer, in 

Siae of 4th layer, in 

Thickness of 5th layer, in 

Siae of 5th layer, in 

2" 

r'-l" 

3" 

4" 

r-v' 

r.ess than J" 

3" 

1"-U" 

3" 

12 mesh-i“a" 

0" 

l"-2" 

3" 

3" 

12 mesh-|" 

8" 

i"-ii" 

ir' 

4" 

5" 

3" 

j// 

3 

10 mesh- v*#" 

Thickness of 6th laver, in 



Siae of 0th layer, in 






Total thickness 

14" 

12" 

IH" 

24" 

17" 


Place 

Minneapolis 

Louisville 

Columbus 

( irand Rapids 


Type of bottom 

Ridge bloek 
& strainer 

Manifold 

strainers 

Strainers 

Strainers 

Thickness of bottom layer, in 

Siae of bottom layer, in 

Thickness of 2nd layer, in 

Siae of 2nd layer, in 

Thickness of 3rd layer, in 

Size of 3rd layer, in 

Thickness of 4th layer, in 

Size of 4th layer, in 

Thickness of 5th layer, in 

Size of 5th layer, in ^ 

Thickness of 6th layer, in 

2} 

11" 2" 

3" 

1"-11" 

3" ! 

|"-1" 

2i" 

ft // are 
i 

2" 

10 iiiesh- t*,/' 

in" 

5" 

yp" 

10 rnesh-i^" 

5" 

ll"-2i" 

3" 

1"-1J" 

2" 

r'-l" 

2" 

i"-4" 

1^' 

l"-l" 

21" 

Fine pea 
gravel 
! 10" 

7.5" 

r-2" 

1.3" 

r'-l" 

1.1" 

l"-|" 

l.P' 

3.0" 

10 mesh-A" 

Size of 6th layer, in 



Total thickness 

14" 

14" 


Filter gravel should be carefully graded into from three to five layers. 

The strainer system, underdrain system, or filter bottom serves for removal 
of filtered water and introduction of wash water. The friction of the system, 
when filtering, must not exceed 25 per cent, of the friction resistance of the 
sand, when the filter is first put into service. It is essential that the rate of 
filtration be uniform throughout the whole sand layer, and that the wash 
water be distributed as uniformly as practicable over the whole filter area so 
that it may rise as a plane or layer for the purpose of separating the accumu- • 
lated coagulant and fine suspended matter without at the same time causing 
any considerable loss of sand. In the existing successful filters, there is 
somewhere a plane of maximum resistance which effects this result. 

Typical strainer systems are shown in Fig. 297. The most generally 
satisfactory systems are: (1) manifolds or false bottoms with bronze strainefs 
and a thick layer of graded gravel (14 to 18 in.); (2) the Harrisburg,^ 
system of perforated pipes with a thick layer of graded gravel (14 to 18 in.J;| 
(3) troughs and strainers at the bottoms surmounted with 14 in, of grade<^t| 
gravel (12 to 16 in.); (4) the Wheeler filter bottom with 7 to 12 in. of graves 






System 2 is the simplest but most liable to corrode; it is often difficult to 
correct for varying velocity heads in the laterals, although at’ New Orleans 



this is being acopniplishirf by openings of special construction. System 1 
espo^ the minmum of laetal^ but in large filters must be carefully 
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to preserve the hydraulic balance in the bed above. System 3, on account of 
cost, is showing decreased use. System 4 possesses the advantage of uniform 
material uniformly placed and gives ejcoellent distribution. Strainers in 
systems 1 and 3 should be of bronze, which increases the cost. The piping 
in system 2 may be cement-lined. 

Wheeler Bottom. System 4, the Wheeler filter bottom used at Akron, 
Ohio, is patented for protection. * It is constructed entirely of concrete with 
the exception of the orifice tube, which is of brass. In place of strainers, a 
series of five 3-in. balls, surmounted by one l|-in. and eight IJ-in. balls in 
turn surmounted by a layer of graded gravel from 3 to G in. thick, is used to 
retain the sand. The advantages consist in the absence of metal (with the 
exception of the short brass tube at the apex of the pyramid) ; the nearly per- 
fect distribution of the wash water secured by the ball-nozzle effect of the 
balls; the lower cost, and the thinner gravel layer. It was found in some 
cases, however, that after some years’ use the cement spheres l)ccarae con- 
siderably worn down, reducing the efficiency of operation. To remedy this, 
glazed earthenware spheres have replaced the cement ones at a few plants. 

The Gammage bottom* entirely of concrete, consists of blocks with oppo- 
site orifices fed from laterals beneath. The blocks form ridges between which 
are placed spheres of concrete. The whole is covered with graded gravel. 
Orifices are depended upon for distribution while the opposing jets neutralize 
the velocity head. 

Strainer Orifices. Where the area of the orifices compared with the 
underdrains is unduly large, there is a tendency for the sand to be washed out 
at one place, thus creating a path of least resistance, while in other portions 
of the bed the clogging is excessive. Continuance of this unequal distribution 
of wash water produces mud balls and clogged sections, and also greatly 
reduces the efficiency of the plant. Too coarse gravel in bottom of filter 
furthers lateral communication and multiplies this trouble. 7 There is a 
tendency to increase the size of the orifices and to depend more upon the 
gravel layer for distribution. The International bottom with pipes having 
large perforations and with pre-cast concrete blocks between (Fig. 297) is an 
example of this, but the extreme is the arrangement of 1 by 6 in. boards simeed 
1 in. apart, used by Armstrong at Baltimore. 

Sometimes the ujiper layer of gravel is cemented in place, using from 12 to 
15 parts of gravel to 1 part of cement. This practice is cjuite common in 
Ontario."^ It is advocated to prevent unequal washing and disturbance of 
sand layer. So far these layers have kept clean. 

At Sacramento^ a modification of the Harrisburg system was thoroughly 
investigated, and the following conclusions reached: 

1. Ratio of length of lateral to its diameter should not exceed 60. 

2. Diam. of perforations in lateral should be between J in. and J in. 

3. Spacing of perforations along lateral may vary from 3 in. for a diam. of 
perforation of i in., to 8 in. for a diameter of perforation of J in. 

4. Ratio of total area of perforations in underdrain system to total cro8»» , 
sectional area of laterals should not exceed 0.5 for a diam. of perforation of 

and should decrease to 0.25 for a diameter of perforation of i in* 

^ patented. 
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5. Ratio pf total area of perforations in underdrain system to entire filter area 
may be as low as 0.002, or 0.3 sq. in. per sq. ft. of filter. 

6. Spacing of laterals may be as ^reat as 12 in. for satisfactory diffusion, but 
is limited by total head available. 

7. Rate of washing may be varied from 6 to 36 in. per min. (0.5 to 3.0 cu. ft. 
per sq. ft. of filter per min.) provided the foregoing factors are used in design. 

Losses of Head. The total loss of head in rapid sand filters is comprised 
of the velocity head {Le.j the head required to maintain the velocity of flow), 
and the component losses of head required to overcome the frictional resistance 
of: (a) the matter accumulated by the filter; (h) the sand layer; (c) the 
gravel layer; (d) the underdrain system. The initial loss of head of a clean 
filter is usually not greater than 1.5 to 2.5 ft., and the added loss of head due 
to the material retained by the filter may reach 10 ft. for a clogged filter, 
with a total loss of head of 11 to 12 ft. 

The maximum loss of head obtainable depends on the size of filter sand and 
the strength of the film bridged between the particles. These factors should 
be considered in design. The economical size of sand is that which will give 
a maximum loss of head slightly in excess of the available loss of head. With 
better washing and better coagulation, the tendency is toward the use of 
sand of 0.50 mm. effective size or even more. Because of pumping costs, 
maximum losses of over 10 ft. are rarely practicable. 

Washing. The most efficient washing is accomplished by wash-water 
velocities of 1.5 or more vertical ft. per min., depending upon size of sand grains. 
Where lesser rates are employed, the use of air or water jets, or some mecharti- 
cal device for agitating the sand is necessary for best results. Wash water 
should be applied gradually at first and shut off gradually when washing is 
finished, to avoid mixing sand and gravel. Filters should not be washed too 
clean; otherwise low efficiency will occur right aftef washing. With non- 
uniform sand washed at high velocity, the .surface of the bed after washing 
will be composed of very fine particles which may form a layer so dense as 
greatly to decrease the period between washings. This condition may be 
overcome, in ordinary cases, by scraping off the fine layer after washing; in 
extreme cases, by so manipulating the wash-water valve that stratification 
near the surface will not be marked. When the filter clogs frequently, the 
wash water may be applied for a short period just to lift the upper portion 
of the sand bed and without wasting any of the wash water. Agitation with 
air, or with jets of water forced through a special system of pipes, may also be 
used to break up the accumulation at the surface of the bed. 

Optimum Velocity, The sand in mechanical filters, after washing, should 
be stratified in layers according to the hydraulic values*" of the particles, as 
shown in Fig. 282. This result cannot be obtained unless the sand be thor- 
oughly floated during washing. The degrees of expansion of five different 
sands for different velocities of wash water, are shown in Fig. 299. In study- 
ing the relation between washing velocities and filter sand, the 60-per cent, 
separation size is of more value that the ‘‘effective size^^ (10-per cent, separa- 
tion size). Relation between sizes of sand particles and per cent, of expansipr^ 
qf smd layer, for normal sands, at optimum velocity of wash water is shown in 

:r • : : ' f 'footliote, p. .7^ 
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Fig. 301. * The relation between the upward velocity of wash water and loss 
of head due to various depths of filter sand is shown in Fig. 298. Figures. 
298, 299, 300, 301 may be used for wash-water estimates. They are based on 



lo66 of Heod, Inches 

Fig. 298. — Relation between upward velocity of wash-water and loss of head in 

usual filter sands. 



Expansion of Sand PerCent 

Fig. 299. — Upward velocity of wash water and expansion of sand in mechanical 

filter. (No air used.) 

tests with the Wheeler filter bottom, which gives more nearly uniform <3^ 
tribution of wash water than some other types. This fact must be conaide^l 
when applying these data to other strainer systems. 





,WS[. WATERWmM SJ,m^ 

Mxam^: To determine optimum i^city of wash water and percent^ 
•expansion at optimum velocity of a sand haying particles 10 per cent, finer thaii 
0.40 mm. and 60 per cent, finer than 0.65 mm. In Fig. 300, the optimum veloe-r 
ity is read from the 60 per cent, curve as 10.4 mm. per sec. (or 24.6 in. per min,). 



Oiartwier of* fbr+iole&jmm. 

Fio. 300.— Optimum veloci ties of wash water for sands of various sizes. (Ten per 
cent, curve is derived from 60 per cent, curve, assuming uniformity coefficient of 
normal sand to be 1.50.) 

In Fig. 301, the degree of expansion is rejid from the 60-per cent, curve as 50 per 
cent. The wash-water overflow* for a Siind layer 30 in. thick should, therefore^ to 



Fig, 30i.~^ExpaBsions of normal sands at optimum velocities of waish water. 


; loss ol sc^d, be placed more than 15 in. above the sand surface. 

the^ W is safe, but 10-per cent, curve xiiay bfC us^ 




unifiomity coellicte&t^ 1,5^ With a given vdocity of wash water, sands^^ W^^ 
rounded grains expand less than others (Fig. 299). 


frequency of washing depends upon character of raw water and degree of 
removal of suspended matter effected in the coagulating bavsins. A filter is 
usually washed when the loss of head reaches a' certain maximum, 4 to 10, ft., 
usually once in 4 to 24 hr. The coagulum will * ^ break through in some 
filters operating with some waters before the maximum loss of head is reac^heO ; * 
such filters should be washed immediately, or before breaking. 

Duration of washing is usually 4 to 8 min. and the 'period out of service for 
washing is usually 8 to 15 min. 

Wash water for mechanical filters is best supplied by gravity from an 
elevated tank. For washing at high velocity, say 24 in. per min., the head at 
the strainer should be about 12 ft. plus the head required for velocity and to 
overcome friction head of the underdrains; for low velocity washing the head 
should be less. Where air is employed for washing, it is best supplied from a 
gas-holder, although a pressure blower* may be used. In lieu of storage of air 
and water in gas-holders and tanks, wash-water pumps and air blowers may 
be used. At Montreal, air is supplied from a gasometer, and water from a 
pump. Pumps should be of a size ample to meet all requirements. Exces- 
sive pressures should be carefully avoided. Eductorsf connected both 
with high pressure mains and draining from the filtered water basin have been 
used at Paris, Ky., and Zelienople, Pa. 

Quantity of Wash Water. On an average, 0.5 to 7 per cent, of filtered water 
is required, but in cases of frequent clogging as much as 15 per cent, is used. 
Wash water should be provided for maximum, not average, conditions. 

Waste Wash Water Disposal. It is often necessary to remove the sludge 
from waste wash water before discharge into a stream. In rare cases the 
clarified water is returned in part to the entering raw water. For this purpose 
ordinary subsidence may be used and the sludge discharged into lagoons or 
carried away. The Dorr thickener may be used to dewater the sludge parti- 
ally. In general the methods follow those used for sewage treatment. 

Loading. The sand bed in a rapid filter has a certain functional capacity 
for efficient purification, dependent upon several factors such as color, bacteri- 
ological content, turbidity, thoroughness of treatment, of applied water; rate 
of filtration, size and depth of sand, and efficiency of washing. 

Because color removal is dependent upon adsorption, the mass of floes 
formed by coagulation and not the films around the sand on a rapid filter are 
of chief importance. Consequently, properly coagulated water may be 
successfully .decolorized under a wide range of filter conditions. 

The turbidity of water which may be applied successfully to filters at* 
normal rates (125 mgad.), may reach 50 p.p.m., but in general it is desirable 
to maintain the turbidity below 20, preferably below 15 p.p.m. With increaae 


of weight or size of sand the possibilities in this direction diminish rapidly. 

The same laws apply to bacterial loading as to loading with turbidit^r^l: i 
The limits of bacterial loading have been studied for Ohio River plants by 
0. S. Public Health Service, which found the results given in Table 26|^| 

■ Boots,: Connewvinea^ ^ .. 

t Chaifflii-Fiilton: Sohatte & Koertmg; Watson & MoDamel. ^ 
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Table 267. Average Numbers of Bacteria Observed in Applied Water, vdth 
Corresponding Numbers Observed in Unchlorinated Effluent 

Ohio River Plants Employing Single Coagulation .and Subsidence 


Applied water 
» range 
per c.c. 

Number 

of 

tests 

Average bacterial 
count per c.c. 

Per cent, of applied water 
count 

Applied water 

Filter effluent 

Remaining 

1 Removal 

Agar, 24 Hrs., 37°C. 

0- 100 

1326 

47 

4 

9,0 

91.0 

101- 250 

321 

177 

14 

8.2 

91.8 

251- 500 

393 

360 

38 

10.7 

89.3 

601-1000 

132 

735 

95 

12.3 

87.7 

Over 1000 

101 

2060 

290 

13.3 

86.9 




Mean 

10.7 

89.3 

Agar, 48 Hrs., 20°C. 

0- 100 

248 

74 

12 

18.4 

81.6 

101- 250 

319 

184 

28 

15.9 

84.1 

251- 500 

386 

383 

59 

15.4 

84.6 

501-1000 

409 

803. 

180 

21.6 

78.4 

1001-2000 

404 

1450 

214 

14.3 

■ 85.7 

Over 2000 

180 

3280 

508 

16.4 

83.6 




Mean 

17.0 

83.0 


Pact. Coli Index 


Applied water 
index range 
per 100 c.c. 

Number 

of 

tests 

Average Bact. coli index 
per 100 c.c. 

Per cent, of applied water 
count 

Applied water 

Filter effluent 

Remaining 

Removed 

0- 10 

134 

10 

2.6 

26.0 


10- 100 

339 

100 

3.9 

3.9 

96.1 

100- 1000 

256 

1000 

4.6 

0.46 

99.54 

1000-10000 

63 

10000 

4.9 

, 0.05 

99.95 


Table 268. Average Numbers of Bacteria Observed in Applied Water, with 
Corresponding Numbers Observed in Unchlorinated Effluent at a 
Rapid Sand Filtration Plant, Niagara River 


Applied water 
count range 
per c.c. 

Average baeterial count per c.c. 

Per cent, of applied water count 

Applied water 

Filter effluent 

Remaining 

Removed 

Agar, 48 Hrs., 20'’C;. 

0-2700 

2240 

790 

35.3 

64.7 

2701-4000 

3400 

1100 

29.4 


4001-5500 

4720 

1360 

28.8 

71.2 

Over 5500 

7350 

2300 

31.3 

68.7 



Mean 

31.2 

' 68.8 


Bact. Coli Index 


Applied water 
index range 
per 100 c-c. 

Average Bact. coli Index per 100 c.c. 

Per cent, of applied water count 

Applied water 

Filter effluent 

Remaining 

Removed 

0-500 

330 i 

38 


88.5 

500-1000 

860 

55 


93.6 

1000-6000 

3780 

71 


98.1 

Over 6000 | 

6860 

83 

1 

1 1 • 2 . 

98.8 
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Results for a plant taldng water from the Niagara River are given in Table 268. 
Comparing the two tables it will be noticed that the filters treating the clearer 
Niagara water show lower efficiency (68.8 per cent.) as compared with 83.0 
per cent. These efficiencies may vary widely for short periods but tend to 
remain constant for periods of a day or more. 

There is a close relation between the turbidity of the applied water and the 
period of service (length of run), and between the turbidity and the percentage 
of wash water. Again* the structural strength of the coagulated matter, that 
is, its resistance to breaking, determines the limit of loss of h^ad which may be 
reached before washing is necessary. Usually coagulating basins are more 
economical than filters for removing the bulk of turbidity. 

With the use of chlorine, there is a tendency to sacrifice clearness of effluent 
which without disinfection varies almost directly with the bacteriological 
efficiency. 

Properly loaded filters should deliver a clear effluent for a period of 8 hr. or 
more; they should decolorize the properly coagulated water to less than 10 
p.p.m. and should so reduce the bacteria that the effluent may be completely 
disinfected with doses of chlorine not large enough to cause objectionable tastes. 

ACCESSORIES 

Rate Controllers. Next to proper coagulation, efficiency of filtration is 
dependent on a uniform rate of filtration. While rapid filters may be controlled 



Fig. 302. — Rate controller with combined loss-of-head and rate-of-flow gage 
for gravity filter. (Simplex.) 

by hand, it is better, often essential, to use automatic controllers or moduleg;^; 
iPigure 302 illustrates a rate controller of the velocity type, oombipedwith; 
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rate of flow and loss-of-head gages; Fig. 303, employing an hydraulically 
operated valve with compensating diaphragm. Figure 303 shows two types 
of Venturi controller tubes with hydraulic and rotating valves. Other well- 
known controllers are the Vivian, Earl, and Pittsburgh. 

Controllers on individual filters may be governed by a master controller, 
' such as that made by the Builders Iron Foundry,* Providence, R. I. The 
device slows down all filters simultaneously as the filtered water basin becomes 
full, and vice versa. There is another type which changes filter rates at will 


Diaphragm i i| ' C 

^ k 

1 Pressure\\ I f . ! 

I I ! rrguirrel,canbr^ 

I, ( \f£onnech : fumrdfoa/rg j 

<• /? -*->r n 


Sfandard Elbow 
I Outlet cun be 
■gmQ furnished 
ifreguired^ 


Design A 


Million of gallons per 
24 hr* 




a • 

Dc^sign B 


Design A 

.120 .26 .376 lit 34 38 26i 

.226 .46 .676 32} 40 42 271 

.376 .76 1.126 38 50 49 3318 

.600 1.00 1.500 46 J 60 67 30t 

,740 1.60 2.260 64i 70 66 448 


lensions in inches 

Approx. 

weight, 

F 

G 

1 

// 

J 

A' 

L 

M 

lb. 

8 

lU 


^14 

7i 

415 

6 

400 

8 

111 

111 

161 

8 

48 

7 

450 

10 

12 

15 

181 

9 

69 

8 

700 

10 

121 

181 

185 

11 

71 

10} 

1100 

10 

13 

225 

18J 

12 

82 

12} 

1660 


Design B 


3.000 47t 70 
3.760 54 80 

4.875 60| 90 


24t 8 7 14 20 

25t 8 8 16 21 

,28 8 9 18 22 


24 2.876 5.75 8.625 81 120 30 10 12 24 25 6000 

30 4.600 9.00 13.600 101 i 150 . . .' . 34t 12 16 30 28 7800 


♦The listed range of capacity (minimum to maximum), is for standard self-contained, or dia- 
phragm, type controllers and can be increased somewhat for unusual requirements. The water- 
c^umn or mercury-column type controllers periiut a much wider range. The friction loss at the 
normfd ratea listed will not exceed 5 inches of water. Intermediate and additional sizes of con- 
trollers are frequently being added, therefore the list is not complete. 

Fig. 303.-^Venturi effluent rate controller tube. Dimensions and capacities. 


from a central point. Control may be hydraulic or electric. If the latter be 
used, the apparatus should be protected against dampness. 

. 1^ are of two types — ftoat operated, and manometers. 

In the former, enable the difference in elevation to be r^ 
corded; In .&e Simplex gage mercury has been substituted for water in the 
float ^bes. <3a^ of the type obviate the trouble due to 

, ' see H., 
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aid cords. They op^te successfully although they are located 

flow line, and depend upon a vacuum. They must he kept elem and tight. 

Rate of flow gages are usually of the Venturi type and are either indi- • 
eating" or recording or both. They are usually combined with loss-of-he«MJ 
gages. 

Operating Tables. In large plants, especially, it is convenient and econom- 
ical to operate all valves electrically or hydraulically. Controllers for these 
valves are placed on an operating table which also may carry loss-of-head and 
rate-of-flow gages, devices for sampling, and other devices. See Fig, 304. 



Fig. 304. — Operating table with loss-of-head gage. 

* (International Filter Co.) 


Wash-water troughs* should be of ample size and so spaced that the maxi- 
mum horizontal path of travel for any particle of wash water shall not exceed 
3.5 ft. Assuming a high washing rate, ample and frequent troughs counteract 
the formation of mud balls. 

Calculation of Capacity, P. B. 8trbaiider® has embodied C. N. Millers^ 
formulat in a diagram, Fig. 305. 

OPERATION 


The operation of a filter is fully as important as its design. 

General inspection of a purification plant is constantly necessary, particu- 
larly if the character of the raw water fluctuates rapidly. In slow filters, the 
condition of the sand is of utmost importance, and in large plants the manage- 
ment* of the sand-handling devices requires a great deal of skill. 

Rate of filtration may be determined and regulating devices checked by 
closing the filter inlet and measuring the water filtered by observing the deprof^ 
sipn of the flow line and computing the volume of water equivalent thereto., -g 

* Al»o called **wa«h-water overflow** or ''gutter.” 

t Ellme, **Water Purification.'’ Appendix. (MoQraW-Hill Book Company, Iiie« 1917). 
teataeee ‘*The Flow of Water in Wash Water TroiMiha for Rapid Sand Filters,*' F. V. rietds, / 

f VoL 20, 1018, p. 296, 
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FiUer controllers flo8s^of--head gages, and all other automatic devices should be 
frequently inspected and kept in order ; otherwise inferior results will be obtained. 

Sand bed accretions,* or growth of filter sand, are common phenomena in 
rapid filters. Figure 306 from paper by Baylis® pictures this. 

Considerable study has been given to this problem but no adequate pre- 
ventive has yet been found. These accretions or mud balls must be re- 
moved by raking during washing, by hydraulic jetting or by scraping. 



a u. 
6 u 


10 
9 
8 
7 

4- 6 


<000-1 


3000-j 

— 

T 


‘ 2000 -: 

E 

1800-^ 

|- 

1 2 




1000- 

Z 

900-^ 


800-^ 

r 

700- 

1— 

600- 


500- 

r 




3- 


- 1.0 


Q* /.9f bify/*L fancc ) / 
Lef, Z « ranoc 
•; d-TBIbzi 



Fig. 305. — Capacities of square wash-water troughs. 

Having the total discharge capacity of the trough in gallons per minute or cubic 
feet per second on scale 3, project from this point to breadth of trough assumed on 
scale 1 and obtain the value of Z on scale 2. The dimensions of B and Z are for 
rectangular shape troughs. For shapes of troughs not rectangular application of 
the above chart can be made by assuming a rectangular section of equivalent area. 
The value of F 2 or the depth of water at the discharge end of the trough applies to a 
case where the discharge is into a chamber in which the water level is at or near the 
level of the water in the lower end of the trough. In case of free fall the actual 
value will be less owing to the weir action. 


Air binding of filters sometimes also causes trouble, the cause being attri- 
buted to high concentration of algae causing supersaturation, dissolved 
oxygen, wa^ng at too great loss of head, or to leaks in the walls of the filters. 
*1* Sm also. **Filter Underdrain, Sand Bed. and Wash Water Experienoe,*’ a symposium ta E. U. 
1630, ppi 
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Fig. 306. — Sand grains under camera lucida before and after installing washing 

jets. 

In the part of a filter without jets the sand grains had an incrustation about 20 
microns thick (Fig. 306a) from which were growing numerous filamentous bac- 
teria. The gelatinous coating (c) which gets excessive in September and October, 
dies after a few weeks and is easily removed by ordinary washing. During this 
excessive growth period the filamentous organisms are apparently killed. The 
incrustation is a permanent growth much harder than the temporary outside 
growth. However, much of it can be removed by surface jet action as noted in 
(b), which is from a portion of a filter in which jets had been operating for five months. 
This sample was taken at the same time as (a). 


Table 269. Equivalents of Various Measures of Rate of Filtration 


Rate 

cd 

§1 

ise 

cuxi 

Million Imperial* 
gals, per acre pei 
24 hrs. 

U. S. gals, per sq. 
ft. per hour 

Imperial* gals, per 
sq. ft. per hour 

'd 

>i 

O' 

go 

51. 

>> 

t.s 

n 

Me 

?! 

'Sl 

'Pi 

Vertical velocity 
in meters per 24 
hrs., = cu. meters 
per sq. meter p& 
24 hrs. 

1 million U.S. gals, per acre per 









24 lira 

1 million Imperial gals, per a<^re 

1.0 

0.833 

0.90 

0.80 

1.15 

1.53 

39. 

0.935 

nor 24 hrs 

1 U.S. gal. per aq. ft. per hr 

1.200 

1.0 

1.15 


1.38 

1.84 

46.8 

1.122 

1.045 

0.870 

1.0 

0.83 

1.20 


40.7 

0.978 

1 Imperial gal. per sq. ft. per hr. 

1.255 

1.045 

1.20 

1.0 

1.44 

1.92 

MEmm 

1.174 

1 cu. ft. per aq. yd. per hr 

0.8G9 

0.724 

0.83 

0.69 

Utlw 

1.33 

33.9 

0.813 

1 linear in., vertical velocity, per 









hr . . 

0.652 

0.543 

0.62 


0.75 

1.0 

25.4 

0.610 

1 hundred linear millimeters, 









vertical velocity per hr 

2. 500 

2.139 

2.46 

2.05 

2.95 

3.94 

100.0 

2.400 

1 linear meter, vertical velocity 
per 24 hrs. » 1 cu. meter per 









BQ. meter per 24 hrs 

1.0G9 

0.891 

1.02 

0.85 

1.23 

1.64 

41.7 

1.0 


Statistics of Operation. Analytical methods adopted by American Public 
Health Association are recoinmendod (see p. 593). Elimination of unneces- 
sary analytical work is important. Determination of nitrogen in the usual 
form of albuminoid ammonia, nitrites, and nitrates serves no useful purpose, 
except in special cases. Some of the simpler physical tests — turbidity, color, 
oSor, microscopical examinations, alkalinity, hydrogen-ion concentration, 
iron, and carbonic acid — are most valuable. Turbidimeters like those used 
by Ellms or Baylis should be used for turbidity of effluent. These detect 
0.1 p.p.m. of turbidity. In special cases, dissolved oxygen and manganese 
should be determined. Bacteriological tests are always important. 

Many records relating to engineering matters are useful and shoula be 
kept. It is not necessary to include all in published reports. 
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Sampling is as important as are analytical methods. Bodies of water are 
not homogeneous. Frequency of sampling should depend upon frequency of 
change in character of water examined. This has a limitation which is con- 
trolled by practical and financial considerations. Results based on infrequent 
samples,’ hdwever, are less valuable than those based upon frequent opes. 
Irregular sampling gives the most unreliable results. 

Grade of Supervision. Control of purification plants may be graded as 
follows: First-grade plants are those where analyses of filtered water are made 
one or more times a day, and where engineering and such other data regarding 
operation of plant as are necessary ate collected by one or more attendants 
constantly employed. Second-grade plaiits are those where analyses arj? 
made regularly, say, once a week or once a month by a trained analyst, and 
where an attendant constantly on duty makes simi)le daily tests. Third-grade 
plants are those where analyses are made irregularly and infrequently, and 
where no daily tests are made by the attendant. 

Standard forms for statistics of operation and efficiency may bo purchased 
from the N, E, W, W. A.^ Tremont Temple, Boston. The A. W, W. A. 
recommends that the following data be obtained: 

(1) Brief description of the sourcevs of supply; (2) general and special charac- 
ters of the water handled; (3) brief description of the purification system and 
method of treatment; (4) points of chemical applications; (5) kind of chemical 
feed devices; (6) rated capacity of works; (7) name of designer of principal fea- 
tures; (8) date works put in operation; (9) subseiiucut major additions, such as 
basins and filters; (10) cost of purification works, including what features; (11) 
available volume in plain subsidence basins, million gal.; (12) available volume in 
coagulation basins, million gal.; (13) net filter area, sq. ft.; (14) list of references 
to published descriptions of works; (15) comment on special operating experiences 
during past year; (16) summaries of operating results on recommended standard 
forms; (17) typhoid statistics. 

Essential operating data of purification. Water handled^ mgd: raw water de- 
livered to plant; raw water lost by basin flushing or emptying; treated with chemi- 
cals; filtered; used in washing filters; delivered to distribution. 

Quality of water: turbidity and color; bacteria; Bact coli; microscopic; chemi- 
cal; alkalinity and hardness. 

j Chemicals applied^ lb.: alum, iron, lime, soda, and chlorine; copper amount and 
frequency of treatment. 

Filters: number units washed; length of runs; final loss of head; per cent, wash 
water to water filtered. 

Electric power (exclusive of main pum])ing) : for wash water and other pumps, 
chemical fe^ water, etc.; lighting. 

Service water: for chemical solution, hydraulic valve, hose and flushing, toilet, 
etc. 

Healing: Fuel used— lb. ^ 

Costo: chemicals (including unloading); attendance; extra labor; power; 
lighting; heating; wash water; service water. 

Suggested data to he included on Daily Log sheet: (1) rates of flow, raw and 
filtered (Venturi meter); (2) basin gages; (3) turbidity, raw, settled, applied, 
Altered; (4) color, raw, fiiterod; (5) chemical rates , . . Alum, iron, lime, soda, 
ohSOripe; (fl) settings of chemical orifice or dry feed machine; (7) solution tank 
fUlgOs; (S) of chlorine cylinders; (9) actual pounds of chemical used; (1C3 
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remdual chlorine test of ^uent; (11) filter units washed; (12) wash watel* used; 
(13) hours filters in Service; (14) electric meter readings; (15) chemicals received 
into storage; < 16) attendants on shift. 

Test da/y is period of 24 hr., during which tests are made. This seems 
to be the shortest period practical to use as a statistical unit in determining 
efficiency of purification plants. When more than one observation is made 
during a test day, results should be combined by averaging to obtain single 
numbers representative of that day, and the fact stated. Assuming the pre- 
cision of results of daily sampling to be unity, the precision of results of weekly 
sampling would be only 0.38; of monthly sampling, 0.18; and of yearly sam- 
pling, 0.05; while the precision of hourly sampling would be 4.90. 

Period of service is the length of time during which the filter is delivering 
water. Period of washing is the length of time required to stop, wash, and 
start the filter. Period of operation is the total length of time during which 
the filter is either filtering water or being washed. 

Efficiency of Operation. The common method of judging efficiency by 
percentage removal of bacteria is unsatisfactory for several reasons: 

1. Bacteria found in effluent are not all from the raw water. A certain 
and varying number of them represent growths in the lower part of the filter. 
Bacteria from this source do not vary in number with the number of bacteria 
in the raw water, but with the rate of filtration, with disturbances occasioned 
by the collection of air within the filter, and with other factors of operation. 

2. It requires time for water to pass from the point where the raw sample 
is taken to the point where the filtered-water sample is taken, sometimes 
several hours, and in the case of a water which changes rapidly it is necessary 
to make an allowance if a correct comparison is to be obtained. 

3. Percentage remo^fal is tq a certain extent a function of the number of 
bacteria in the raw water. The percentage removal is relatively high when 
the raw water contains large numbers of bacteria and relatively low when the 
raw water contains few bacteria. One reason is that the bacteria which 
develop within the filter are a smaller proportion of the total number in the 
effluent when the number passing the filter is large. 

4. Percentage removal does not necessarily vary with the number of 
bacteria left in the filtered water. 

5. Infectiousness* does not necessarily vary with the number of bacteria but 
in most waters there will doubtless be some connection between the two. A 
water polluted with surface wash would doubtless increase in infectiousness, 
and the numbers of bacteria would increase with increased stream flow. A 
water regularly polluted with sewage, other things being equal, would increase 
in infectiousness as stream flow decreased, that is, as dilution became less, 
while the numbers of bacteria might decrease. Hence, there seems to be no 
wery definite relation between infectiousness and percentage removal, whic^ 
percentage varies according to the numbers of bacteria in the raw Water* 

6. It would'be better to use ^‘percentage of bacteria remaining;^^ the nunN^I 
bers show to better advantage variations in operation of the filter, and the 
ures are smaller and easier to handle; for example, when two filters, with 
ishae raw w are operating so as to produce 98 and 99 cent* 
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the numbers of bacteria remaining in the effluent of the first will be twice as 
many as in the second. Comparing one filter with an efficiency of 99 per cent, 
with another of 99.9 per cent., both H)perating with the same raw water, the 
effluent of the first contains ten times as many bacteria as the second. 

7. A single figure showing percentage re^ioval during a certain time gives 
no idea of the regularity of operation. 

8. A common fault of specifications is the provision that the plant shall 
show a certain percentage removal when the numbers of bacteria in the raw 
water are below a certain limit. This specification is inadequate. A good 
purification plant is one which produces a satisfactory effluent every day and 
every hour of the day; efficiency should be indicated by the percentage of 
time during which the plant produced a good effluent. 


Table 270. Rules for Significant Figures 


Determination 
Numbers of bactiiria. 

Percentage of time 

Percentage of Hact. (uili tests 

Chlorine 

Hardness 

Alkalinity 

Carbon dioxide 

Iron 

Oxygen consumed 
Manganese 


Results To Be Reported 
Ordinarily use two significant 
figures: never more than three 
To first decimal place 
To nearest whole number 
To first decimal place 
To nearest whole number 
To nearest whole number 
To nearest whole number 
To second decimal place 
To first decimal place 
To seciond decimal place 


Cost of Purification — Slow Filters. The clement# of cost (in addition to 
fixed charges) are: cost of scraping, raking, ejecting, washing, transporting, 
and restoring sand, varying from $0.25 to $1.25 per cu. yd.; cost of pumping; 
superintendence, attendance, and laboratory; repairs and replacements; 
miscellaneous clearing; light, heat, etc.; care of grounds. 

In the case of rapid filters the costs of chemicals and wash water replace the 
cost of sand handling, and in addition there is the cost of cleaning basins. 

In a softening plant the cost of treatment* involves more factors which 
may include the cost of carbonization. 

The cost of low-lift pumping may vary between $0.02 and $0.30 per in.g. 
lifted 1 ft. The average additional lift for rapid filters is 15 ft., for slow filters, 
10 ft. The minimum head for effective aeration is from 4 to 5 ft. 

The average quantity of wash water in well-designed plants is about 2 
per cent. 

* For data for a period of years, see reports of New Orleans and Columbus Water Departments. 



Table 271. Data Relating to Typical Slow Filter Plants 
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Table 272. Data Relating to Tjrpical Rapid Filter Plants. — (Continued) 
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Clark’s Biperimcii^ Slow Filters. — Clarke has designed afed experi- 

mented with slow filters which have been charged with- aluminum hydrate 
(or with ferric hydrate) by dosing the sand layers containing magnesium 
carbonate with aluminum or ferric sulfate in solution. The sand grains 
become coated with the hydrate precipitated by the magnesium carbonate. 
The experimental filters remove color effectively and without material increase 
in hardness or acidity (CO2). Filters are regenerated by treatment While out 
of service with caustic soda solution. 

Bibliography, Chapter 33. Filtration 

1 . Gregory: E. iV., Oct. 11, 1900, p. 252. 2 . Gregory: E, R., June 29, 1903, p. 656. 3 . Hasen: 
" American Civil Engineers Hand Book,” 4th ed. (Wiley, 1920). a, p. 1216; b, p. 1216; c, p. 1217; 
d, p. 1218; e, p. 1220. 4. Hazen: “Filtration, of Public Water Supplies,” (Wiley, 1900), p. 37. 
5 . T. A. S. C. E., Vol. 57, 1906, p. 327. 6 . E. N, R., Jan. 27, 1921, p. 162. 7 . E. N. R., Apn 28. 
1921, p. 735. 8. E. N. R., May 17. 1923, p. 882. 3 . E. N, R„ Vol. 92, 1924, p. 516, 663. 10 , 

H. W. Clark: Reports, Hass. State Dept, of Health, 1922, 1923, 1924. 



Table 272A. Discharge and Loss of Head, Coffin Rectangular Sluice Gates* 
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* Free discharge, not submerged, gates wide open. 






PART VI 

HYDRAULICS AND MATERIALS 


CHAPTER 34 


HYDRAULIC COMPUTATIONS* 


(In following formulas use feet and seconds, unless otherwise noted.) 

Precision. For many hydraulic computations in practical waterworks 
problems, four-place logarithms, slide rules, f and short-cut approximations are 
quite sufficient for the precision of the data and the necessities of the results. 
Use of many significant figures is a time-wasting absurdity, e.g.^ giving total 
consumption of water, capacity of a reservoir, total piimpage, flow of a stream, 
and similar quantities to the gallon when millions of gallons or tens of thou- 
sands would be appropriate, since inherent uncertiiinties commonly range from 
5 to 25 per cent. Likewise most estimates of total cost should end with two 
to four ciphers before the decimal point. 

Properties of Circul&r Pipes. (For contents of cjdiiidcrs see p. 820.) 
Hydraulic radius , R : 

R — A -i- where P — wetted perimeter; A = area. 

For circular cross-section, full or half full, 

R = ID (/> = diam.) 

Table 275, p. 752, gives hydraulic radii of pipes, ^ to 144 in. diam. 


* “Hydraulic Tables,” by Hazen aiul Williams (John Wiley and Sons, Ine., and "Handbook 
of Hydraulics,” by King (McGraw-Hill Book Company, Inc.), will be found most useful. Otlier 
recent books on Hydraulics include; 

A. H. Gibson, “Hydraulics and its Applications,” Van Nostrand, 1921. 

A. A. Barnes, “Hydraulic Flow Reviewed," Spon & Chamberlain, 1916. 

E. S. Bellasis, “Hydraulics with Working Tables,” Dutton, 1922. 

R. L. Daugherty. “Hydraulics,” McGraw-Hill Book Company, Inc., 1919. 

W. F. Durand, ‘Ulydraulics of Pipe Lines,” Van Nostrand, 1921. 

H, W. King & C. O. Wisler, “Hydraulics,” Wiley, 1922. 

F. C. Lea, “Hydraulics,” Amola and Co., 1923. 

F. W. Medaugh, “Elementary Hydraulics,” Van Nostrand, 1924. 

E. H. Lewitt, “Hydraulics,” Pitman, 1923. 

E. H. Sprague, “Hydraulics,” Van Nostrand, 1924. 

“Flow of Water in Pipes,” by Hiram F. Mills, Am. Academy of Arts & ScionccM, Hostoii, 192P. 
t Hydraulic slide rule, devised by Williams and Hazen, Abbott-McKay Corp., Boston is con- 
venient for pipe computations and many other problems. 
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Table STS. Relative Discharging Capadties of Pipes Flowing Full 



The figures show how many pipes of the sizes printed at the top ar e equ ivalent to one pipe of the 
eise in the first column; friction losses taken into account; Qi: Qs:: y/ds^. 
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tabid 274.f HydratOic Elements of a Circular Conduit, Partly Filled 

Diameter = 1 
John H. Gregory 


jj^l 


Wetted 

perimeter 

P 

Hydraulic 

radius 

r 

V7 

a\/r 

Dwth of 
fiUed 
segment 

0.01 

0.0013293 

0.20033 

0.0066356 

0.081459 

0.00010829 

0.01 

0.02 

0 . 003748 f 

0.28379 

0.013209 

0.11493 

0.00043081 

0.02 

0.03 

0 . 006865 S 

0.34817 

0.019719 

0.14042 

0.00096408 

0.03 

0.04 

0.010538 

0.40272 

0.026167 

0.16176 

0.0017046 

0.04 

0.05 

0.014681 

0.45103 

0 . 032551 * 

0.18042 

0.0026488 

0.05 

0.06 

0.019239 

0.49493 

0.038872 

0.19716 

0.0037932 

0.06 

0.07 

0.024168 

0.53553 

0.045130 

0.21244 

0,0051343 

0.07 

0.08 

0.029435 

0.57351 

0.051324 

0.22655 

0.0066685 

0.08 

0.09 

0.035012 

0.60939 

0.057454 

0.23970 

0.0083922 

0.09 

0.10 

0.040875 

0.64350 

0.063520 

0.25203 

0.010302 

0.10 

0.11 

0 . 04700 C 

0 . 67.613 

0.069521 

0.26367 

0.012394 

0.11 

0.12 

0.053385 

0.70748 

0.075458 

0.27470 

0.014665 

0.12 

0.13 

0.059999 

0.73773 

0.081330 

0.28518 

0.017111 

0.13 

0.14 

0.066833 

0.76699 

0.087137 

0.29519 

0.019728 

0.14 

0.15 

0.073875 

0.79540 

0.092878 

0.30476 

0.022514 

0.15 

0.16 

0.081112 

0.82303 

0.098553 

0.31393 

0.025464 

0.16 

, 0.17 

0.088536 

0.84998 

0.10416 

0.32274 

0.028574 

0.17 

0.18 

0.096134 

0.87630 

0.10971 

0.33122 

0.031841 

0.18 

0.19 

0.10390 

0:90205 

0.11518 

0.33938 

0.035262 

0.19 

0.20 

0.11182 

0.92730 

0. 12059 

0.34726 

0.038832 

0.20 

0.21 

0.11990 

0.95207 

0.12593 

0.35487 

0.042548 

0.21 

0.22 

0.12811 

6.97641 

0.13121 

0.36223 

0.046406 1 

0.22 

0.23 

0,13646 

1.0004 

0.13642 

0.36935 

0.050403 

0,23 

0.24 

0.14494 

1.0239 

0.14156 

0.37624 

0.054534 

0.24 

0.25 

0.15355 

1.0472 

0.14663 

0.38292 

1 0.058796 

0,25 

0.26 

0.16226 

1.0701 

0.15163 

1 0.38939 

0.063184 

0.26 

^ 0 . 2 *^ 

0.17109 

1.0928 

0.15656 

0.39568 

0.067696 

0.27 

0.28 

0.18002 

1.1152 

0.16142 

0.40178 

0.072328 

0.28 

0.29 

0.18905 

1 . 1374 

0, 16622 

0.40770 

0.077074 

0.29 

0.30 

0.19817 

1 . 1593 

0.17094 

0.41345 

0.081933 

0.30 

0.31 

0.20738 

1.1810 

0.17559 

0.41904 

0.086899 

0.31 

0.32 

0.21667 

1 ,2025 

0.18018 

0.42447 

0.091969 

0.32 

0.33 

0.22603 

1.2239 

0.18469 

0.42975 

0.097138 

0.33 

i 

0.22917 

1.2310 

0.18617 

0.43148 

0.098883 

i 

0.34 

0.23547 

1.2451 

0.18912 

0.43489 

0.10240 

0,34 

0.35 

0.24498 

1.2661 

0.19349 

0.43988 

0.10776 

0.35 

0.36 

0.25455 

1.2870 

0.19779 

0.44473 

0.11321 

0.36 

0.37 

0.26418 

1,3078 

0.20201 

0.44945 

0.11874 

0.37 

0.38 

0.27386 

1.3284 

0.20615 

0.45404 

0.12434 

0 38 

0 . 39 * 

0.28359 

1.3490 

0.21023 

0.45851 

0.13003 

0.39 

0.40 

0.29337 

1.3694 

0.21423 

0.46285 

0.18578 

.■. 0 . 4 O,li 


^ Se0 al«o Fia. 3O8, P* 753. 
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Table 274. Hydraulic Elements of a Circular Conduit, Partly Filled. — {Continued) 

Diameter =1 
John H. Gregory 


Depth of 
filled 
segment 

Area 

a 

Wetted 

perimeter 

V 

Hydraulic 

radius 

i ^ 



Depth of 
mied 
segment 

0.41 

0.30319 

1.3898 

0.21815 

0.46707 

0.14161 

0.41 

0.42 

0.31304 

1.4101 

0.22200 

0.47117 

0.14749 

' 0.42 

0.43 

0.32293 

1.4303 

0.22577 

0.47515 

0.15344 

0.43 

0.44 

0.33284 

1.4505 

0.22947 

0.47903 

0.15944 

0.44 

0.45 

0.34278 

1 .4706 

0.23309 

0.48279 

0. 16549 

0.45 

0.46 

0.35274 

1.4907 

0.23663 

0.48644 

0, 17159 

0.46 

0.47 

0.36272 

1.5108 

0.24009 

0.48999 

0.17773 

0.47 

0.48 

0.37270 

1..5308 

0.24347 

0.49343 

0.18390 

0.48 

0.49 

0.38270 

1.5508 

0.24678 

0.49677 

0.19011 

0.49 

0.50 

0.39270 

1..57()8 

0.2.5000 

0.50000 

0.19635 

0.50 

0.51 

0.40270 

i..ms 

0.25314 

0.. 50313 

0.20261 

0.51 

0.52 

0.41269 

] .6108 

0.2.5620 

0.. 506 17 

0.20889 

0.52 

0.53 

0.42268 

1.6308 

0.25918 

0.. 509 10 

0.21519 

0.53 

0.54 

0.43266 

1 . 6509 

0.26208 

0.51193 

0.22149 

0.54 

0.55 

0.44262 

1.6710 

0.26489 

0.51467 

0.22780 

0.55 

0.56 

0.45255 

1.6911 

0.26761 

0.51731 

0.23411' 

0.56 

0.57 

0.46247 

1.7113 

0.27025 

0.51986 

0.24042 

0.57 

0.58 

0.47236 

1.7315 

0.27280 

0.52231 

0.24671 

0.58 

0.59 

0.48221 

1.7518 

0.27.527 

0.52466 

0.25300 

0.59 

0.60 

0.49203 

1.7722 

0.27764 

0.52692 

0.25926 

0.60 

0.61 

0.50181 

1.7926 

0.27993 

0.52908 

0.26550 

0.61 

0.62 

0.51154 

1.8132 

0.28212 

0.5311C 

0.27170 

0.62 

0.63 

0.52122 

1.8338 

0.28423 

0.53313 

0.27788 

0.63 

0.64 

0.53085 

1.8546 

0.28623 

0.53501 

0.28401 

0.64 

0.65 

0.54042 

1.87.55 

0.28815 

0.53679 

0.29009 

0.65 

0.66 

0.54992 

1.8965 

0.28996 

0.53848 

0.29613 

0.66 

1 

0.55623 

1.9106 

0.29112 

0.53956 

0.30011 

i 

0.67 

0.55936 

1.9177 

0.29168 

0.54008 

0.30210 

0.67 

0.68 

0.56873 

1.9391 

0.29.330 

0.54157 

0.30801 

0.68 

0.69 

0.57802 

1.9606 

0.29482 

0.54297 

0.31385 

0.69 

0.70 

0.58723 

1.9823 

0.29623 

0.54427 

0.31961 

0.70 

0.71 

0.59635 

2.0042 

0.29754 

0.54548 

0.32529 

0.71 

0.72 

0.60538 

2.0264 

0.29875 

0.54658 

0.33089 

0.72 

0.73 

0.61431 

2.0488 

0.29984 

0.54758 

0.33638 

o;73 

0.74 

0.62313 

2.0715 

0.30082 

0.54847 

0.34177 

0.74 

0.75 

0.63185 

2.0944 

0.30169 

0.54926 

0,34705 

0.75 

0.76 

0.64045 

2.1176 

0.30244 

0.54994 

0,35221 

0.76 

0.77 

0.64893 

2.1412 

0.30307 

0.55051 

0.35725 

0.77 

0.78 

0.65728 

2.1652 

0.30357 

0.55097 

0.36215 

0,78 

0.79 

0,66550 

2.1895 

0.30395 

0.55131 

0.36690 

0.79 

lorn 

0.67367 

2.2143 

0.30419 

0.55154 

0.37150 

0.80 
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Table 274. Hydraulic Elements of a Circular Conduit, Partly Filled. — {Concluded) 

Diameter =1 


John H. Gregory 


Depth of 
fillod 
segment 

Area 

a 

Wotted 

perimeter 

V 

Hydraulic 

radius 

r 

Vr 

a\/r 

Depth of 
filled 
segment 

0.81 

0.68150 

2.2395 

0.30430 

0.55164 

0.37594 

0.81 

0.82 

0.68926 

2.2653 

0.30427 

0.55161 

0.38020 

0.82 

0.83 

0.69686 

2.2916 

0.30409 

0.55145 

0.38428 

0.83 

0.84 

0.70429 

2.3186 

0.30376 

0.55114 

0.38816 

0.84 

0.85 

0.71152 

2.3462 

0.30327 

0.55070 

0.39183 

0.85 

0.86 

0.71856 

2.3746 

0.30260 

0.55010 

0.39528 

0.86 

0.87 

0.72540 

2.4039 

0.30176 

0.54933 

0.39848 

0.87 

0.88 

0.73201 

2.4341 

0.30073 

0.54839 

0.40143 

0.88 

0.89 

0.73839 

2.4655 

0.29949 

0.54726 

0.40409 

0.89 

0.90 

0.74452 

2.4981 

0.29804 

0.54593 

0.40646 

0.90 

0.91 

0.75039 

2.5322 

0.29634 

0.54437 

0.40849 

0.91 

0.92 

0.75596 

2.5681 

0.29437 

0.54256 

0.41015 

0.92 

0.93 

0.76123 

2.6061 

0.29210 

0.54046 

0.41142 

0.93 

0.94 

0.76616 

2.6467 

0.28948 

0.53803 

0.41222 

0.94 

0.95 

0.77072 

2.6906 

0.28645 

0.53521 

0.41250 

0.95 

0.96 

0.77486 

2.7389 

0.28291 

0.53189 

0.41214 

0.96 

0.97 

0.77853 

2.7934 

0.27870 

0.52792 

0.41100 

0.97 

0.98 

0.78165 

2.8578 

0.27351 

0.52299 

0.40879 

0.98 

0.99 

1 0.78407 

2.9413 

0.26658 

0.51631 

0.40482 

0.99 

1.00 

0.78540 

3.1416 

0.25000 

0.50000 

0.39270 

1.00 




Conduit Partly Filled. Elements «arc given in Table 274. Area of segment 
for any circle is found by multiplying diameter scpiared by coefficient found 
in ‘‘Area of segment^’ column, opposite '‘depth of filled segment.^' For 
wetted perimeter and hydraulic radius, multiply coefficient, in respective 
columns, by diameter. Units are homogeneous with those of diameter. 

Bernoulli’s Theorem for Pipes, Including Losses. Comparing point 1 
upstream from 2, 


Ht — "b o; Z\ ~ h* -\- 


+ Z* + /l-2 


2g • • 2g 

wherein 

Hf— static head on datum, 

Z == height of center of pipe above datum, 

V = velocity, 

h = piezometric height, i.e., position of hydraulic gradient, 

/ 1-.2 == losses between points 1 and 2, and may include those of entrance, 
fluid friction, enlargements, contractions, valves, bends, or obstruc- 
tions. If ^ represents difference in elevation between water sur- 
face in reservoir and center line of outlet, and V the A^elocity at 

]/2 

outlet, Bernoulli’s equation reduces to H = /i ~2 + 








Table 275. Mathematical Properties of Cylindrical Pipes (Foil) 
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Iba. 

water 

ISSisli i^sssss;. 

dooodd- -""-“as a«86ss« issgsig |i|||3| ||i|ii| 

t4) 

0.0102 

0.0159 

0.0230 

0.040S 

0.0638 

0.0918 

0.1249 

0.1632 

0.2550 

0.3672 

0.6528 

1.020 

1.469 

2.611 

4.080 

5.875 

7.997 

10.44 

13.22 

16.32 

23.50 

36.72 

52.88 

65.28 

71.97 

94.00 

118.95 

146.88 

177.72 

211.51 

248.23 

287.88 

330.48 

376.01 

424.48 

475.89 

530.24 

587.52 

647.74 

710.90 

776.99 

846 03 

cu. ft. 

0.0014 

0.0021 

0.0031 

0.0055 

0.0085 

0.0123 

0.0167 

0.0218 

0.0341 

0.0491 

0.0873 

0.1364 

0.1963 

0.3491 

0.5454 

0.7854 

1.069 

1.396 

1.768 

2.182 

3.142 

4.909 

7.069 

8.727 

9.621 

12.566 

15.90 

19.63 

23.76 

28.27 

33.18 

38.48 

44.18 

50.27. 

56.75 

63.(Q 

70.88" 

78.54 

86.59 

95.03 

103.87 

113.10 

Area 


0.001 

0.002 

0.003 

0.005 

• 0.008 

0.012 

0.017 

0.022 

0.034 

0.049 

0.087 

0.136 

0.196 

0.349 

0.545 

0.785 

1.069 

1.396 

1.767 

2.182 

3.142 

4.909 

7.069 

8.727 

9.621 

12.566 

15.904 

19.635 

23.758 

28.274 

33.183 

38.485 

44.179 

50.265 

56.745 

63.617 

70.882 

78.540 

86.590 

95.033 

103.869 

113.097 

i 

0.196 

0.307 

0.442 

0.785 

1.227 

1.767 

2.405 

3.142 

4.909 

7.069 

12.566 

19.635 

28.274 

50.265 

78.540 

113.100 

153.94 

201.06 

254.47 

314.16 

452.39 

706.86 

1017.90 

1256.6 

1385.4 

1809.6 

2290.2 

2827.4 

3421.2 

4071.5 

4778.4 

5541.8 

6361.7 

7238.2 

8171.3 

9160.9 

10207.0 

11309.7 ^ 

12469.0 

13684.8 

14957.1 

16286.0 

ftj 

II 

§ 

‘'S 

s 

1 

•S 

w 

•«n 

to^OU3U90t« 

o)«o«o^o>»i4esi a>-«dt^*o<od oo <b d W d d esi ddddddd ddddddd ddddddd 
«0 »0 'i* n n »-•*-< 
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ddddddd ddddddd ddddddd ddddddd 

05 

Siiiiis Sssisii SiisiiS niiiiii 

ddddddd ddddddd ddddddd dddd-N..^«4 .h* ..1 .4 

% 


05 

0.0104 

0.0130 

0.0156 

0.0208 

0.0260 

0.0312 

0.0365 

0.0417 

0.0321 

0.0625 

0.0833 

0.1042 

0.125 

0.1667 

0.2083 

0.25 

0.2917 

0.3333 

0.3750 

0.4167 

0.5000 

0.6250 

0.7500 

0.8333 

0.8750 

1.000 

1.125 

1.250 

1.375 

1.5 

1.625 

1.75 

1.875 

2.0DO 

2.125 

2.25 

2.375 

2.500 

2.625 

2.75 

2.875 

3.000 

hz 

u 

45 


,g 

1.571 

1.964 

2.356 

3.142 

3.927 

4.712 

5.500 

6.283 

7.854 

9.425 

12.566 

15.708 

18.850 

25.133 

31.416 

37.699 

43.982 

50.266 

56.549 

62.832 

75.398 

94.248 

113.097 

125.664 

131.947 

150.796 

169.646 

186.496 

207.-345 

226.195 

245.044 

263.894 

282.743 

301,593 

320.442 

339.292 

358.142 

376.991 

395.841 

414.690 

433.540 

453.389 

Q 

1 

IS 

1 


es«s|<NNcop5w ^i*<55t<5ot^QO o>c:>o^<Nw ^ ifti>.ooGooSpi«^I§<5t>.ooo» ©©»HWweo'5M 
ddddddd ddddddd d -4 -4 *-l ..4 d d d ddddddd dddddeow 


0.00035 

0.00062 

0.0010 

0.0020 

0.0035 

0.0055 

0.0081 

Q.0113 

0.01981 

0.03125 

0.05415 

0.1121 

0.1768 

0.3629 

0.6339 

1.00 

1.4702 

2.0528 

2.7557 

3.5861 

5.6569 

9.8821 

15.588 

20.286 

22.918 

32.0 

42.957 

55.902 

70.943 

88.182 

107.72 

129.64 
154.05 
181.02 

210.64 
243.00 
278.17 
316.23 
357.25 
401.31 
448.48 
498.83 

6 

0.0000001 

0.0000004 

0.000001 

0.000004 

0.000012 

0.00003 

0.00007 

0.00013 

0.00039 

0.00098 

0.00412 

0.0126 

0.0312 

0.132 

0.402 

1.0 

2.16 

4.22 

7.594 

12.858 

32.0 

97.656 

243.06 

411.53 

525.22 

1024 

1845 

3125 

5033 

7776 

11603 

16807 

23730 

32768 

44371 

59049 

77378 

100000 

127628 

161051 

201137 

248832 

li 

Q 

0.0017 

0.0027 

0.0039 

0.0069 

0.0108 

0.0156 

0.0213 

0.0279 

0.0434 

0.0625 

0.1111 

0.1736 

0.2500 

0.4444 

0.6944 

1.0 

1.3611 

1.77 

2.25 

2.77 

4.0 

6.25 

9.0 
11.11 

12.25 
16.0 

20.25 

25.0 

30.25 

36.0 

42.25 

49.0 

56.25 

61.0 

72.25 
81.0 

90.25 
100.0 

110.25 

121.0 

132;25 

144.0 


23.99 

19.19 

16.00 

12.00 

9.60 

8.30 

6.86 

6.00 

4.8 

4.00 

3.00 

2.40 

2.00 

1.50 

1.2 

1.0* 

0.857 

0.75 

0.66 

0.60 

0.50 

0.40 

0.33 

0.30 

0.285 

0.25 

0.222 

0.20 

0.182 

0.166 

0.154 

0.143 

0.133 

0.125 

0.118 

0.111 

0.105 

0.10 

0.095 

0.091 

0.087 

0.083 


Q 

0.0416 

0.0521 

0.0625 

0.0833 

0.1042 

0.1250 

0.1458 

0.1667 

0.2083 

0.2500 

0.3333 

0.4167 

0.5000 

0.6667 

0.83^ 

1.000 

1.166 

1.333 

1.50 

1.66 

2,0 

2.5 

3.0 

3.33 

3.5 

4.0 

4.5 

5.0 

5.5 

6.0 

6.5 

7.0 

7.5 

8.0 

8.5 

9 0 

9.5 
10.0 

10.5 

11.0 

11.5 

i2.e 

i 

02s«2gj5 8SSS5SS SSS3SS| §3gggg| 


* A pipe 1 yd. Ions hcdds approximately as many pounds of water as the square of its diam. in in. (see also p. 820). 

























Velodiry in ft. per sec. 
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Talile 276. Theoretiail Veiod^'^ Required to lIoTe Loose Pftttlclesf of Vaddoe 

Sizes by Jet Actions " 


Diam. of 
particle, in 


Velocity, in ft. per 
min., required to 
move by jet action 


Diam. of 
particle, in 
mm. 


Velocity, in ft. per • 
min., required to 
move by jet action 


lUailUBBIIIVBIVil 

IHniimHIQMHBMJBBaill 


TflriBBrJHHB 

jusniHffimE 

g8 8B g BSB8 g a'B gB^iaaBiiBmBM 
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SiBliSlB8BBBSllggB!iilili5BRSilBglRlinBI!&HiSgRaiR2il 

aiBSieB^SSiiSBBiBSg^BpSfsEgSgSir 


iBliesi 


■all 




«■■■■! 


■■■■■••■■a 






■Spaiaaanf ■■■ la^*! 


r^a; laBBBiBBBBBaaaaaaBBBBBM 


Bt^aaBBBaBBBaaaaBBBaaa JBBBaaaBBBBaaaaa 
^■■■•■■■■■■■■aaBB’’,aBBaBaaaBBaaaB»-.< 


l■aaBBBBBaaBaaaaB Baa rBaaaBBaaaBl 
I ■aaa.'BaBBBBBBBBBBWBBBBaaBBBaai 


BBB IBBaaBBaaBBI 


aaBBvai 

aaaBB.'ii 
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JBBBBB BBaaBBBVaBBI 
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aaaBBBBB BBaaBU 
BBBBBaa'^BBBaaa 
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BBa:jBaaBa'..ai 


:3s:i 


laBaa’^BBar.. aaai 


aaaBBaBBai 


f 9^-iSE**^*^^***** BBsaaBai 


aaBaaBBaBaaaaBBaBB 
■■■■■nBBBaaaaBBBBBBBB 


^BaaaaaaBaa 
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iBaBBaBaaaaBi 


“■■■■■■"■’aaaar.aaaaBHM ■■■■■■■, 
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laaaaaaaaai 


■r aaBaaaBaBaaaar.aaaBaau.... 
rpaaBBBBBBaBaaaaaBaaaaBBaBB 


aaBBaBBaaBi 


S8»SI 


laaBBMaaaaai: 


Mmm’^r / aBBBBBaaaaai 
mmrwj smmmi 


waaaaaar.aaaaaaaa' 




mmmmmmmmmmmmmi 

aaBBBBBBBBBBBBil 


laaaaaaaaMaaW 


aaa*''.«aiiBBBaai 
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^ JO 0.1 0.Z OZ OA 0,5 0.5 - . - 

^ fif : Vend Q m F> lle<i Se g menj 

in Conduif Running Full 

Fio. 308,— Circular conduit. Hydraulic elements. (See also Tbl>|e 274.) 

Sm also .p. 276," ... * v . 

Weisbt JUBttined at 160.^ Iba per ou. It. 
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FORMULAS FOR FLOW IN PIPES* 


**Long’* and “Short’’ Pipes.^s Be careful not to take from tables or for- 
mulas for “long’^ pipes, discharges, etc., for pipes of insufficient length to be 
classed as “long.” In such cases use formula for “short” pipes: Q ~ 
CA^/^h- Q == discharge, cfs; A = area, sq. ft.; 17 = acceleration of grav- 
ity; A = head on center of pipe, ft. Coefficient C varies with ratio of pipe 

diam., d, to length, i!; if ^ == 1 , C = 0.62; ^ = 3, C = 0.815; ^ = 25, C - 
0.71; ^ = 100, C = 0.55. To be “long,” a pipe should have length in excess 


of 500 diam.; if length is less than 50 diam., pipe is “very sliort.” 

Chezy Formula. V = C\/rs; V' is the mean velocity, r, hydraulic radius, 
and s, head lost divided by length on invert. Since (’f is a function of v and 
r, irrespective of surface, this formula fails to express accurately the law of 
fluid friction. 4a. The error is not great, however, and simplicity of form has 


led to universal use. Darcy proposed substitution of for C ; g is accelera- 


4/LF2 . 


tion of gravity, and /, coefficient of fluid friction, t so that H/ = 


which D is internal diam. of pipe and L, length on slope. 
Other exponential formulas may bo expressed in the form: 


/// = MV- = F» 
Kw 

Williams and Hazen: § Ilf = V^' 

Tutton .5 


Manning : 6 a 
Unwin 
Barnes :* 
Lea:® 
Darcy: 


K * 

//, = F' sis 


u ^ yz.o 

' 2.2()8rf'-== 

K 

14 , — 1 / 2.0 to 1.75 

to 1-39 

U, — 1/1. G92 to 2.066 

^0 846 to 1*454 * 

Hi = — ” 7® 

H, = VK 


Reclamation Service :><> /// = 7' " 


Kh 

di.u 


♦ For flow in open channels, see p. 270. 

t Values of f and of C are given in "Handbook of Hydraulics," by H. W. King. (McGraw- 
Hill Book Company, Inc., 1918.) 

1 For M. 1. T. investigations for fluids, sec E. N. 72., Oct. 26, 1922, p. 690. 

VSee p. 765* See chart for converting Kutter*s *‘n" into the Hasen and William’s coeffi- 
cient, K.SftfvRM June 10, 1^^^ 



Table 277, Loss of Head Due to Friction in 1000 Ft. of Straight Pipe for a Diameter of 1 Ft.* 

To Determine the Friction Head Lost per 1000 Ft. of Pipe of Any Other Diameter, Multiply the Values in This Table by 
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Reproduction of Table 59. p. 174, “Handbook of Hydraulics,” by H. W. King (McGraw-Hill Book Company, Inc., 1918). 
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Table 278. Values of 

For Other Properties of D, See p. 752 



♦ Abridged from Table <50, p. .175, “Handbook of Hydraixlioa,“ by 11. W. King (McGraw-Hill 
Book Company, Ine., 1918). 


Effect of Water Temperatures.'^ For F == 6 ft., Butcher concludes that 
Chezy^s C « 108 at 4p°F., 112 at 55°F., and 1 16 at 70°F. 

Flow in capillary tubes (Hazen)3.c. V = ^ ; c being a coeffi- 

cient (average value = 495), s the slope, d the diain. in in. and v the velocity, 
ft. per sec., and t tlie temperature in degrees F. Thj factor was 

deduced from experiments at Lawrence to represent the flow of water, at 
different temperatures, through capillary tubes. It also represents the 
relative rates at which water passes through sand, and at which silt settles 
through quiet water. This term is more convenient for practical use than 
the conventional factor of Poiseuille and is sufficiently accurate. See also 
M. I. T. tests on viscous liquids, E, N, R,, Oct. 26, 1922, p. 690. 


FLOW IN CAST-IRON, STEEL AND WROUGHT-IRON PIPES 


Effect of Age.* With increasing age of service, metal pipes commonly 
become corroded and tuberculated,t which diminishes the discharge under the 
same head (both from increased roughness and diminished sectional area). E. 
B. Weston recommends that friction head for a given Q be taken as 16 per cent, 
greater than when the pii)e is new and clean, for each 5 years of age; that is, 
for an age of 15 years, take as friction head the value obtained by multiplying 
the result given by the diagram'^® by 1.48. Hazen and Williams (*' Hydraulic 
Tables **) assign coefficients according to age. J A leakage survey at Hammond, 


• ♦See ■‘Hydraulics’’ by Hughes and Safford (The Macmillan Comp^iy, 1926), 

. I conduits are rarely ftubjdct to full flow demaiuf until aged; 


3S7* 416. 813. 
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Fig 309.* — Flow in § in. to 8 in. clean rought-iron or cast-iron pipes. (Larger pipes, Fig 310, p. 758.) 

(I, P. Church.)® 

For iiipthods of constructing diagrams involving more than 2 vanables, see Harvard Engineering Jl., June, 1912, p. 78. Also, for con- 
ion of logHruhtnic diagram covering the general case, see £ng. Rec , Sept. 3, 1904 





768 


WATERWORKS HANDBOOK 


Ind., (rei)orted by the Cast-iron Pipe Publicity Bureau), disclosed flow in 
a 26-year old 24-in. pipe equal to that in a new pipe. (Cn = 134.7,. n = 
0,0107). See also pp. 421 and 422. Schoder*^ expresses effect of condition 
of pipe on friction head as follows : 


Condition of pipe 

Ilf 


Very smooth pipes (seamless 
drawn brass tubes) 

o 

GO 

O 


Ordinary cast-iron pipes 

T/1.80 

0.3Sgi.,, 


Foul or tuberculatcd cast- 



iron pipes 


Lap-riveted steel pipes, 

71.95 

lA2HfO-^'Do->* 

several years old 



Friction -Head, in Feet per Thousand Feet' Leng+h 
of Pipe 

1.0 2 3 4 e 8 10 ZO 30 AO 60 80100 200 

\Z 1.5 25 5 7 9 12 15 25 50 70 90 120 150 



Fig. 310. — Flow in 8 in. to 72 in. clean cast-iron pipes. (Smaller pipes. Fig, 309, p. 767.) 

(I. P. Church. 


Probably no wise engineer would attempt to predict the discharge of a 

5- year-old cast-iron pipe line within 10 per cent. The above formulas will be 
on the side of the truth, and within 20 per cent, thereof. At Hartford, 4 and 

6- in. pipes, 57 years old, showed values of Cjj below 45 in one case, and below 
33inanother.i5 

Test Data for Large Cast-iron Mains. Tests on the 30-in. and 36-m. 
jFisher HiU force tnatUf Boston, laid in 1887, 5470 ft. long, with velocities from 
ft- per sec., gave values of Chezy’s C from 106 to 117, averaging 
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Jable 280.* Flow of Water in New House-service Pipes 

(l'’hompson Metey Company) 


Discharge in cubic feet per minute 


Nominal internal diameter of pipe (inches) 



n 

2 

3 

* 1 


Through 35 feet of service pipe, no back pressure 



1. 

10 

3 01 

1. 

27 

3.48 

1 . 

42 

3.89 

1 

56 

4 26 

1, 

,74 

4.77 

2 

.01 

5.50 

2 

29 

6.28 



444.63 

513.42 

574.02 

628.81 




Through 100 f(*ct of service pipe, nc 

) back pressure 



30 


FTjjl 

1 

84 

3 78 

10.40 

21 30 

58.19 

118 

.13 

317.23 

40 



2 

12 

4.36 

12.01 

24.59 i 

67.19 

136 

.41 

366.30 

50 



2 

37 

4 88 

13.43 

27.50 1 

75.13 

152 

.51 

409.54 

60 



2 

60 

5 31 

14 71 

:io 12 

82 30 

167 

.06 

448.63 

75 

1 

.05 

2 

91 

5 97 

16 45 

33.68 

92.01 

186 

78 

501.58 

100 1 

1 

.22 1 

3 

.36 1 

6.90 1 

18 99 

38 89 

106 24 i 

215 

68 

579.18 

130 

1 

39 1 

3 

83 1 

7 86 I 

21 66 

44 34 

121 14 

245 

91 

660.36 


Through ; 

too feet of service pipes, and 1 

5 feet vertical rise 


30 

0. 

55 

1, 

52 

3.11 

8.57 

17.55 

47.90 

96, 

.17 

260.56 

40 

0. 

66 

1 

81 

3.72 

10.24 

20 95 

57.20 

116. 

,01 

311.09 

50 

0. 

75 

2 

06 

4 24 

11 67 

23.87 

65.18 

132. 

20 

354.49 

00 

0. 

83 

2 

29 

4 70 

12 94 

26 48 

72 28 

146 

61 

393.13 

75 

0 

94 

2 

59 

5.32 

14 61 

29 96 

81.79 

165. 

90 

444.85 

100 

1 

10 

3 

02 

6.21 

17 10 

35.00 

95.55 

193 

82 

519.72 

130 ’ 

1 

26 

3 

48 

7.14 

19 66 

40 23 

109.82 

222 

75 

597.31 


Through 

100 feet of service pipe, and 30 feet vertical rise 



211.54 

266.59 

312.08 



* See also pp. 433 and 434. 

Ill; Kutter^s n = 0,0124. Values are approximate only, being incidental 
to engine test. When pipe was 10 years old, tests by C. W. Sherman on a 
5154-ft. length gave C = 103, and n = 0.0133. For a 36-in. main laid in 
1894, incidental to an engine test 1 year later, C = 136.6 for V =* 4.7; when 
the pipe was 2 years old, the following values of coefficients were obtained: 



C 117.0 114.9 114.9 113.3 113.7 113.6 


Baq^l^ents in 1697, with V « 3.2, gave C « 114, n * 0.0126. 







































Fig. 311. — Values of Chezy's C for new and tuberculated cast-iron pipes. Com- 
piled by Engineering Bureau, Board of Water Supply, New York, 1908. 
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Capacities of riveted steel pipes,* when new, are less than those of cast- 
iron and welded pipes of same diam., other things being equal. One rule is to 
make a riveted pipe, for equal capacity, of a diam. greater by twice the height of 
the rivet heads, but some engineers require a greater difference. In 1910, for 



Fia. 312." — Values of Chezy^s C for various types of riveted metal conduits. Com- 
piled by Engineering Bureau, Board of Water Supply, New York, 1908. 

Portland, Me., bids were asked on 42-in. cast-iron and 48-in. steel as alternar 
tives for the same line. For lock-bar pipe, capacity 10 to 12 per cent, greater 
than ordinary riveted pipe is claimed; 5 per cent, is a common figitre. At 
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Fig. 313. — Flow in now rivetocl steel pi})es. 

(1. P. Church.)! 3d 
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Fig. 314. — Jersey City Water Supply Co. 72-in. riveted steel pipe. Coef- 
ficients, velocity and loss of head. * 

* About September, 1908, a plant for treating this water with chlorinated lime was installed at 
Boonton, N. J., and since that date water has been continuously so treated. Immediately following 
introduction of treatment, large masses of vegetable and other matters we-re discharged from pipe, 
and improvement in carrying capacity as indicated by experiments of January, 1908, and December ; 
1909, is undoubtedly due to this cause. 
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( Note i Above Values of C are Probable 

A verage Values for Whole Line.) 

Fig. 315. — Riveted steel eonduits, Newark, N. J. (biiiparative values of (7 in 

1892, 1896; 1907. 


Table 281. Gagings of Northern Section of Conduit II, Rochester, N. Y. Water- 
works, between ‘October 1895, and December 1920 


Date of experiment 

Duration of experiment 
in hours 

Age of conduit in 
service 

38-inch riveted steel pipe 

36-in. cast-iron pipe 

Observed 
hydraulic grade ; 

Observed mean 
velocity, ft. per 
sec. 

Computed 

Williams-Haren 

coefficient, Ch 

Computed Chezy 
coefficient 

ICC 

> 

Observed 

hydraulJ^'grade 

Observed mean 
velocity, ft. per 
sec. 

Computed 
Williams-Hazen 
coefficient, Ch 

Computed Chezy 
coefficient 

V 

ICQ 

ifti 

> 

J 

Oct. 17, 1895 

5.35 

1.27 

0.001587 

3.88 

111 

109.35 

0.001388 

4.20 

133 

129.5 

Oct. 26, 1895 

5.22 

1.29 

0,001614 

3.91 

111 

109 

34 

0.001507 

4.24 

128 

IzS, 3 

Nov. 7, 1895 

6.38 

1.32 

0.001618 

3.90 

111 

109 

07 

0.001503 

4.23 

128 

125 . 2 

July 28, 1897 

10.77 

3.04 

0.001625 

3.81 

110 

106.1 

0.002277 

4.13 

100 

99 

2- 

Nov. 10, 1897 

7.08 

3.35 

0.001533 

3.71 

108 

106 

5 

0.004854 

4.02 

65 

66.2 

June 4, 1898 

8.95 

3.84 

0.001565 

3.72 

10^ 

105.7 

0.004341 

4.03 

69 

70.2 

Dec. 21, 1898 

8.00 

4.44 

0.001545 

3.71 

107 

105 

0 

0.003759 

4.03 

71 

75.3 

July 25, 1899 

8.0(1 

5.04 

0.001535 

3.77 

109 

108.0 

0.003446 

4.08 

79 

79.8 

Nov. 10, 1899 

8.0C 

5.. 32 

0.001542 

3.70 

109 

107.6 

0.003259 

4.08 

82 

81.9 

Jifpe 26, 1900. . . . . 

6.00 

5.9(i 

0.001545 

3.74 

108 

107.0 

J. 00333 

4.06 

80 

80.7 

D^c..4. 1900 

6.0C 

6.40 

0.001560 

3.67 

106 

104.5 

3.00324 

3,98 

80 

80.3 


6.00 

6.92 

0.001532 

3.74 

108 

107.3 

3.00327 

4.05 

80 

81 

El 

Aiitt. 5. 1902 

7.00 

8.06 

0,001517 

3.69 

108 

106.4 

3.00399 

4.00 

72 

72.5 

Jidv S. 1903 

6.00 

8.98 

0.001438 

3.50 

105 

103.5 

3.00279 

3.79 

82 

82.3 

July 29, 1904 

6.0(1 

10.1 

0.00139 

,3.47 

106 

104.4 

3.00212 

3.76 

95 

93.9 

Dec, 8/1006 

6.00 

11.3 

0.00216 

3.75 

91 

101, 

9 

0.00282 

4.07 

88 

88.0 

Deo. li, 1906. . . . . . 

6.0C 

12.3 

0.00184 

3.80 

100 

99 

8 

0.00302 

4.13 

85 

86.1 

Oct. 31,' lM7i ..... 

6.00 

13.2 

0.00185 

3.82 

100 

99 

7 

0.00320 

4.14 

84 

91.0 


6.0(1 

14,0 

0.00186 

3.91 

102 

101 

8 

msmm 

4.24 

92 

92.0 

Oct. 7, 1910. . , ... . 

6.0(1 

16.2 

0.00184 

3.75 

99 

98.6 

0.00261 

4.07 

91 



Dec. ll,'l§ii. . . . V. 

5.00 

17,3 

0.00174 

3.71 

iol 

100.1 

msmm 

4.02 

74 

74.7 

Sept. 30, 1912. . . . . 

6.00 

18.1 

000176 

3.77 

102 

101 

2 






Dec. 17, 1913. . . . . . 

6.00 

19.3 

0.00172 

3.72 

102 

101 

1 






Oct. 30, 1914. .. . . . 

5.0 

20.2 

0.00150 

3.41 

100 

99 

0 






Dec. 22, 1915... ...| 

5.0 

21.1 

0.00153 

3.37 

98 

96 

8 






Got. 26, 1915. . . . . . 

4.0 

22.0 

0.00159 

3.36 

96 

94.8 






Oct^ 26, 1917 .i 

60 

23.0 

0^00161 

3.25 

92 

91.0 






Oct. 29. 1918 

5.03 

24.0 

0,00188 

3.59 

93 

93.1 






Dec. «*i9l9 

4.00 

25.1 

0^00151 

3.25 

95 

94.1 







4,00 

26.1 

0*00162 

3.27 

03 

91 

.6 
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Akron, in 1919, bids were taken on 52-in. riveted and 50-in. lock-bar. In 
New York Board of Water Supply bids, no difference is allo#M* The last 
is sound, as the effect of tuberculation is to nullify any differences in capacities 
of new pipe chargeable to the friction of the rivet head. Longitudinal joints 
have little effect on friction losses. Tests by Pacific Gas and Electric Go., 
on large pipe (8 ft. to 10 ft. 9 in.) led to conclusions that the 10 ft.-9in. butt- 
riveted pipe has a slightly lower value of Rutter's n than the 9-ft. pipe with 
bump joints.^® 

Tests on Lap-riveted Pipe. ¥. W. Grcve,i® Purdue University, by tests 
with 4-, 6-, 8- and 10-in. pipes deduced: 11/ — mV^; in ~ kl>; n = aD^ + 
hD^ +cD + e. Hf = loss due to friction (in ft. of water) ; V == true mean 
velocity (ft. per sec.) ; D = true diameter (ft). 


True diam. 
inches 

m 

n 1 

With lap6 

Against laps 

With laps 

Against laps 

4.13 . 

0.115 

0.138 

1.86 , 

1.91 

6'. 01 

0.0843 

0.0875 

1.91 

1.95 

8.12 

0.0669 1 

0.0739 

1.92 

1.89 

10.21 

0.0554 

0.0597 

1.82 

1.80 


A;, with laps = 0.0488; against laps = 0.0515 
X with laps = —0.799; against laps = — ().92() 

From the data given, ni and n may be computed for i)ii)(;s of any diameter, 
within reason. 





36 38 40 42 44.4648 50 5254 56 58 60*2 64 6668 70T2 
lnsi^« Oioimtlvrpnchcs 


Fig. 316. — Comparative discharges of new metal pipes.’* 


Penstock Design. Values of n in Chezy's formula rt?commonded an . 
conservative by the Hydraulic Power Committee:®® lap-welded pipe, biiinjj 
joints^ 0.012; thin-riveted, lap joints, 0.014; pipe,, moderate thickness, butjt' 
joints, 0.016; heavy pipe, triple^riveted, butt joints, 0.018. 

♦ From Catalog of “National” and Mathmn Joint Pipe, National Tube Co. 
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Corrugated iron pipe, 8 and 10-in., used for culverts, irrigation works, etc., 
tested by U. S. Dept. Agri .,21 gave Chezy^s C= 46 to 55; velocities, 0.6 to 2.8 
ft. per sec. 

Spiral Riveted Pipe. Experiments by E. W. Schoder at Cornell showed 
the carrying capacity for 4-in. and 6-in. spiral riveted pipe, to be 6 per cent, in 
excess of new cast-iron pipe, of the same nominal diarn.; perhaps explainable 
by the fact that spiral pipe is made full diam. 

FLOW m WOOD PIPE* 

Kutter’s Formula. From experiments by E. A. Moritz22 on the flow in 
wood pipes, R. G. Dieck concludes (1) Kutter’s n for wood-stave pipe, con- 
tinuous or sectional, increases with a decrease in velocity (varies inversely 
with some power of the velocity) ; for practical purposes its value lies between 
0.0100 and 0.0110. (2) There is no great necessity for altering the Kutter 

formula. 

Bcurnes’ Formula. V = 223.3 When applied to Ogden 

and other pipes, this formula gave a variation of V between -f 1.5 and —1.5 
per cent.23 

Norfolk Tests.6® The new 30-iii. and 36-in. conduit comprising concrete, 
continuous wood-stave, and cast-iron pipe was tested with following results: 


Test 

Muiorial 

Sizes 

in. 

ft. 

FlSw 

iii.g.d. 

^'h 

1 

Concrete 

36 

11,464 

13.2 

L40.4 

2 

Redwood 

36 

39,580 

13.2 

138.7 

3 

Concrete 

36 

13,071 

13.2 

137.6 

4 

(./ast Iron 

30 

4,929 

10.2 

105.9 

5 

Redwood 

30 

4,706 

10.2 

140.0 


Scobey’s formulas, 25 based upon all test data known to him, represent 
within an error of 0.67 per cent, the mean of all exi)eriments, the maximum 
divergence being 30 pci* cent.f plus and minus. 

Hf = 0.419 
V - 1.62 

Q = 1.272D2-«-* //^ 0.&55 

Capacity. Experiments upon old, wood-stave pipe showed some slight 
increase in capacity after several ycars^ use. No instance is known where a 
wood pipe kept full of running water has its inner surface rougher after use. 

Clean cast-iron pipe would seem to have about 90 per cent, of the capacity of 
stave pipe, while if seriously tuberculated, a condition which usually prevails 
after a few years of use, it discharges only about f as much as a stave pipe of the 
same size; a steel pipe discharges when clean from 93 per cent., in the case of a 12- 
in. pipe, to 68 per cent, in the case of a 6-ft. pipe, of the amount which might be 
expected from stave pipes of the same diam., while if steel pipe is tuberculated 
also p. 358. 

1 1^1* law divergence excites the query why the less acourate observations were included. 
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to an extent that might readily occur in from 10 to 15 years^ these discharges may 
fall to 74 and 64 per cent., respectively. 70 (gee also Table 279.) 

Ledoux^i would use Hazen and Williams' Tables for new cast-iron pipe. 
Repeated tests of a new 24-in. line, 10-mi. long, flowing at 4 ft. per sec. indicated 
that Chezy's C = 111. Scobey's^z study did not indicate gain or loss in 
capacity in 15 years; he concludes that wood pipe will convey about 15 per 
cent, more water than a 10-year old cast-iron pipe or a new riveted pipe, and 
about 25 per cent, more than a cast-iron i)ipe 20 years old or a riveted pipe 10 
years old. Tests by A. C. Eaton of 96-in. line, 2 years old, at Searsburg, 
Vt., indicated Cu = 130. 

FLOW IN MASONRY CONDUITS* 

Conditions. Masonry conduits, except pressure tunnels (see p. 291) 
normally flow less than full and function as open channels (see p. 271). For 
circular pipes, sewer diagrams similar to Fig. 317, are applicable. Test data 
on flow in masonry conduits are given by Barnes, f Herschel,t and Ganguillet 
and Kutter.§ Tests on brick intake tunnel at Detroit, 26 10 ft. diain. and 20 
years old, with V varying from 3.13 to 3.51 and averaging 3.34, gave values 
of C from 116 to 137, and n, 0.0129 to 0.0156, averaging 0.0141. Intake at 
»St. Louis,27 brick lined except for a granitoid invert, 7.75 ft. high and 9 ft. 
wide, tested when 27 years old, for average V — 2.75 and 3.43, gave Chezy G 
= 120.6 and 419.1. The Northwest Lake and Land Tunnels, Chicago,28 
vary in diam. from 7 ft. 2 in. to 10 ft., and are brick lined. The results of 
gagings soon after completion in 1902, and in 1917, are given in Table 282. 

Table 282. Comparative Results of Tests of Flow in the Northwest Lake and 

Land Tunnels, Chicago 2 * 

Avcrag(5 rosultjf of four gagings by John Ericson, 1902 and 1903 


Section 


la 



Dia 

tu: 


t 5 

ft 




Crib to Kingsbury 8t 

10 

20,483 

2.123 

0.1288 

1 118.6 

0.01 45 

Kingsbury to Green St 

10 

2,216 

2.123 

0.1108 

127.2 

0.0135 

Green to Keith St 

8 

3,328 

470 

0.1060 

1 105.5 

0.015f 

Keith to Springfield Ave 

Green to Carroll Ave 

8 

18,855 

373 

0.0822 

109.1 

0.(il49 

8 

2,759 

850 

16,647 

814 

0.1140 

119.6 

0.0138 

Carroll to Central Park Ave. . 

r/ 2" 

200 \ 
.814/ 

0.1152 

119.2 

0.0138 


Average results of three salt-solution tests, 1919 


Crib to Chicago Ave. June . . . 
Chicago Ave. June, to Green . 
Green to Springfield Ave .... 
Green to Central Park Ave . . 


10 

14,033 

3.559 

0.333 

123 

1 

10 

8,666 

3.145 

0.279 

122 

4 

8 

22,183 

2.327 

0.203 

115. 

6 

8 

19,856 

2.583 

0.240 

' 118. 

5 


0.0142 

0.0144 

0.0144 

0.0141 


♦ See also p. 281. 

"Hydraulic Flow Reviewed," (Spon, 1916). 

1 "115 Hydraulic Experiments," (Wiley). 
Hering a Trautwine translation, (Wiley). 
Three gagings only in this case. 
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Scale -forSope fn Feet per Thousand by !0 

Fig. 317. — Flow in masonrj conduits and vitrified pipes.* {By John H Gregory,) 

(Metcalf & Eddy, “American Sei^erage Practice,” Vol I, 1914, p 94, McGraw-Hill Book Company, Inc , 1914 ) 

* Some authorities use n » 0 Oil, others n = 0 012 for concrete bning, see p 375. 







hybbaulic computations , 7# 

Calculations of flow in horseshoe-shaped conduits are facilitated by using 
tabl^ for ascertaining hydraulic radius.* Hinds has developed tables for 
ascertaining the critical depth for non-pressure flow; see E* N, 72,; Oct. 27, 
1921, p. 693. The establishing of the critical depth is important in studies 
for overflow weirs, etc. 


Table 288. Flow Coefficients for Concrete-lined Steel Siphons, Catskill Aqueduct^^ 


Date of 
gaging*" 

Number of 
siphons gaged 

Coefficient in formula v 

C-y/rs^ 

Average 

Maximum 

Minimum 


7 

164 

165 

163 


13 

157t 

173 

130t 


' 2 

166- 

169 

142 


* Made by F. F, Moore, Designing Engineer, New Yor,k Board of Water Supply, 
t The same 7 siphons that were gaged in 1915 gave in 1919 average 164, maximum 168, min- 
imum 157. 

t Two siphons near Ashokan reservoir gave 1.30 and 131, respectively, probably because of the 
greater fouling by vegetable growths often noted near reservoirs. Excluding these two, average is 
162 and minimum is 151. 


OTHER LOSSES 

Loss of Head in Pipes at Bends. f Weston Fuller's Formula^^ (Fig. 318). 
For 90® bends, H = in which H is the excess loss of head over a 

straight pipe, and C is a coefficient varying with radius of curve; if = 0.00, 
C = 0.0135; if ie - 1.00, C = 0.00275; if R - 5.0, C = 0.00233; if ft = 20, 
C = 0.00597. For 45® bends, Fuller suggests H == 0.75 and for 22J®, 

H 0,5 



Fig. 318. — ^Loss in 90® bends (Fuller’s formula). 


* University of Texas,^^ Experiments led to the establishment of the 

^ 1.77 

formula: h = 0.00685 in which h is the loss of head and v the veloc- 
ity for straight clean iron pipes ranging in size from i to 3 in. when the 
water has a temperature of about 68®F. and flows at velocities up to 3 ft. per sec. 
1[!*he friction of water at about 68®F. in one standard short-radius steam 

elbow is fc T= 0.0141 

♦ See Metcalf *and Eddy, " American Sewerage Practice,** Vol. I,.pp. 395, 397, 405-407, McGraw- 
Hill Book Company, Inc. 

V t See teats of elbows and tees, 1 to 3-in. pipes, S. H. B.. May 20, 1924, p. 940. 

t See other diagrams in E. N., Mitr. 2, 1916, p. 413. . 
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Inspection Department of Associated Factory Mutual^^ Fire Insurance Companies 
concluded from tests that losses are: 

Long-turn ells* == 0.3 vel. head (or 4 ft. of straight pipe). 

Short-turn ells = 1.0 vel. head. 

Ijong-turn tees = 1.0 vel. head. 

Short-turn tees = 1.5 vel. head. 

G-in. straightway check valve (Pratt & Cady pattern), is equivalent of 60 ft. of 
6 in. pipe. 

4-iii. straightway check valve (Pratt & Cady pattern), is equivalent of 25 ft. of 
4 in. pipe. 


Oxbchar^e in 6aIton8 per Minute 



Discharge in Oalions per Minute 
Ftg. 319. — Discharges through circular orifices. 
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Circular Orifice* ® = «; = C\^h\ v = mean velocity, h = head on 

center of orifice, and A = area. C = coefficient of discharge, averaging 0.60. 
See Figs. 319 arid 320. If the area of channel of approach be small enough 
so that Fa, velocity of approach, is large, 

Q = AC^J2g(Jl. + 

oLC 

Rectangular Orifice. Q = - \/2g [/i 2 ^ — hi^];L is width, hi is head on 

o 

top, and /i 2 , head on crest. C varies from 0.60 to 0.67. Bligh34 gives 0.65 
for 2 ft. by 6 in.-opening. 

Submerged Tube and Orifice. Rogers and Smith conclude from tests 
that tube annexed to a square orifice will increase its flow, provided length of 
tube does not exceed 1.5 times a side of the square see also Bull. 96, Eng. 
Exp. Sta., University of 111. 1917. 

Discharge through Submerged Orifices.* Tests on irrigation head works^^ 
indicate that C varies from 0.62 to 0.86 in formula: Q = CA\/2g 

Flow of Liquids through Cracks.3* Results of test with filtered water check 
well with results from formula in Lamb’s Hydrodynamics.” f Bronze piston, 
6 in. diam., fitted in cylinder 8 in. long with clearance of 0.0018 in. Water 
temperature, 74°F. 


Table 284. Flow of Water through Cracks 


Pressure, lbs. per sq. in. 

F’low, cu. ill. per sec. 

Calculated 

Measured 

20 

0.21 

0.14 

40 

0.42 

0,35 

60 • 

0.62 

0.61 

80 

0.83 

0.83 

100 

1.04 

1.04 

120 

1.25 

1.28 


Flow through Submerged Screens.^® An investigation on 12-in. square 
screens, made up of 3-in. by ^-in. pine slats, 1-in. centers, with different condi- 
tions of pointing, showed that the flow closely approaches flow through short 
tubes. Q = CoA^/2g(H^- A = open area of screens, sq. ft. Hv = differ- 
ence in water levels above and below screens diminished by the difference in 
velocity heads. For screen with square corners, Co = 0.811 ; with dow nstream 
face pointed, Co = 0.832; with upstream face pointed, Co = 0.985; with both 
stream faces pointed, Co = 1.032. Tests on submerged perforated screens, 
12 in. square and 0,30 in. thick, gave coefficients corresponding to the flow 
through orificej? in thin plates. With |-in. holes, spaced 2| in. on centers, 
Co = 0.640. With §-in.. holes, spaced J in. on centers, C® = 0.758.3® 
Contractions in an open channel cause a drop in the water surface.^® 
Tests of application of Weisbach and d’Aubuisson coefficients led Lane to 
substitute the general formula : 

Q = CoW,^/Yg[D^H^^ + - //j*)]: 

♦See aleo Professor Unwin’s table of coefiBdente (Bornemann’s) at top of page 41, Vol. 14, 
11th ed. of Encyclopedia Britannica. 
t Pp. 563-656. 
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Q is the quantity in cfs.; Cqi, the coefficient; mean width of stream at most 
contracted section; Da, mean depth of channel below the contraction; JETa, 
the total drop of the water in passing the contraction, or the observed drop 
plus the head due to the velocity of approach; H 2 , the drop of the water 
surface at the most contracted section including the velocity of approach 
head. 

Gates and Valves.* The loss tjirough a 24-in. gate valve, with conical 
sections on each end, connecting it to the 42-in. wood-stave pipe line at 
Atlantic City, was about 0.11 ft., when carrying 5.5 mgd. by test.^i Tests 
by Lally42 of 12-in. valve inserted in 16-in. line with reducers on either side 
indicated a loss of 0.28 ft. when carrying 5.8, mgd., and 2.12 ft. for 14.7 mgd. 
Tests at University of Wisconsin on 1.5 to 12-in. valves by Corp and Ruble,^^ 
indicated that the length of straight pipe of the valve size which will produce 
the same loss as the valve varies from f to 4 ft. for fully open-gate valves, 
and from 20 to 35 ft. for fully-opened globe valves, the larger figure for globe 
valves corresponding to the smaller valves. 

Butterfly valve tests at University of Pennsylvania indicated that values 

y2 

of K in hf = K^ are not constant for a given opening of the valve but vary 

materially with the velocity in the pipe.44 

Tests by National Board of Fire Underwriters^s indicate loss in pressure 
regulators (and globe valves) = 10 velocity heads. Loss in angle valves = 
2 velocity heads. ' 


FLOW OF AIR 

Formula for Inflow or Discharge. Q == CoAV 

V - ©"'■-■} 

Q = discharge, cu. ft. per sec.; Co = coefficient of flow; A = area, sep ft.; 
V = velocity, ft. per sec.; p ~ absolute pressure of internal air; a = absolute 
pressure of external air; t = temperature of internal air, °C.; ta = temperature 
of external air, °C. ; A; = a constant = 76.344 for dry air. 

Tb 7 / 1 

n = 1.41 for dry air; therefore, - — : = 3.451; and — = 0.291. For 

a — 1 ^ n 

t sss to ^ 17°C., or about 62J°F., the formula for V (for dry air) becomes: 

For p -= 14.7 and a = 12.7, V = 498.2 ft. For a = 10.7, V = 769. For 
a = 7 . 35 , V = 1222.45 

To get diam. of inlets of air valve.s in pipe lines, C. is assumed at 0.8, as 
these openings are not in thin plate, but “short pipes” fed by air valves.* 

Hence, since d= = fo>*a ^ “ 0.4336Ve t 

4 p. 437. 

See ^^Experiments on the Coefficients of Discharge Under Rectangular Siuioe dates," by 
AmM Jlsrtley Gibson. Froc, F., Vol 207, 1918-1W0. ^ 

P* 446 for other methods of design. 
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Single Cylindrical Clean Iron Pipe.'^f JVo nozzle^ m that Fm, velocity of 
iet/>s F, velocity in pipe. Given L, D, and jHT, find F and Q. For a pipe of 
this (relative) length, Hf will probably take up a large part of the whole head, 
H, (Fig, 321.) Assume a trial value of 7 ft. for JFfp. This is at the rate of 

(o 680 ) ~ thousand. From Diagram 309, F = 9,1 

F ® tr' F^ 1 

ft, per sec. and is 1.3. ft.; so that == ^ X 1.3 « 0.65 ft. To realize 

the trial value, 7 ft., for J/p, the whole head H would need to be 0.65 + 7 
+ 1.3 ~ 8.95 ft., but this lacks 0.35 ft. of 9.3 ft., the available head. For 
the next trial, it will probably occasion no great error if the whole of this 0.35 


be added to 7 ft. That is, assume Hf == 7.35 ft. 


VO.080^ 


92 ft. friction head 
72 


per thousand feet. Diagram 309 gives F = 9,4 ft. per sec. and ^ ~ = 1.4 ft.; 
\ X 1.4 = 0.7 ft. Adding, 0.7 + 7.35 + 1.4 = 9.45 ft., which is so near 


L-80' 


Dischaiye iniv Air 

Fig. 321. 


•""V 

79 : 3 * 


■vVn 


t<-— 


4’ I 

M;90‘ 


J-sJEL 




Fig. 322. 


9.3 ft, that the second trial may be considered final. Hence, F = Fw = 9.4 
ft. per sec. and Q (from diagram) = 0.81 cu. ft. per sec! N.B. If the jet 
discharges under water, the results are the same provided the surface of the 
water in the receiving reservoir is 9.3 ft. below that in the supply reservoir, 
R, (Both reservoirs large.) 

With Nozzle.^^ The jet (Fig. 322) discharges into the air with velocity 
Fn, to be found. The diam. of the jet is 2 in.; diam. of pipe, 6 in. Solution: 
F, in pipe, is only J of F„, since the sectional areas are in this (inverse) ratio. 

From Bernoulli's theorem, p. 751, H = C4,y + //p + Cc , where 

H = 90 ft. (\ = 0.50; C. = 0.05 (rounded nozzles, or conical play pipe). 
H is made' up of 4 terms, or heads, of which friction head Hp in the pipe is not 
necessarify a large item, because V is small compared with F». Solve by 
Diagram 309 with successive trial values of some unknown quantity, say V. 
First assume F = 5 ft. per sec., for which friction head would be at the rate 

of 18 ft. per 1000 ft.; hence, Hp = X 18 = 28.8 ft. Since F = 5^ 
F* ■ F * 

and Fn = 9 X 5 = 45, ^ = 0.40 ft. and = 31.4 ft. Hence, the two 

small losses of head would be i X 0.4 = 0.2; and X 31.4 = 1.57 ft. 

0.2 + 28.8 + 1.57 + 31‘.4 = 61.97 ft. (but it should be 90 ft.). Second triali 

Take F = 6 ft. per sec., F„ would be 64 ft. per sec., and the velocity beads 

♦ Church. , 

t Co «» coefl5d€nt of entry loss. 
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Fig. 323. 


0.56 and 45 ft. respectively; hence, the two small losses of head, 0.28 and 
^.25 ft. Now 6 ft. per sec. in a 6-in. pipe implies a friction head at the rate 

of 25 ft. per 1000 ft. Therefore, Hf = ^ X 25 = 40ft. 0.28 + 40 + 2.25 

lUUO 

+ 45 = 87.53 ft. The difference between this and 90 ft. is so small that 6.1 ft. 

per sec. may be considered final for V ; from which follow 55 ft. per sec. for 

Fn, and 1.2 cu. ft. per sec. for Q. With increasing age the 'discharge and F 

would gradually diminish unless the pipe were kept clean. If the entrance 

E were rounded slightly, a slight increase in Q would result. 

Instead of diam. being given, what should be its value that 80 ft. of the 

y 2 

total 90 ft. may be available to produce the jet velocity, Fn? 80 ft. = 

^ ^ Fn = 71.8 ft. per sec. At E' the loss of 

would be ’/o of 80 = 4 ft., while 

- that at A" may be neglected. This leaves 

-T 0 fQj. which is at the rate of 3.75 
ft. per 1000 ft. A 2-in. jet at 71.8 ft. 
per sec. is discharging 1.56 cu. ft. per 
sec. From Diagram 309, a diam. of 9.9, 
say 10 in., must be given to the pipe 
in Fig. 322. This change of design 
calls for a greater consumption of 
water (1.56 instead of 1.20) but the ‘^Kinetic Power’^ (^.e., the kinetic energy 

of the jet)* X will be more than doubled: 14.2 horsepower instead 

of 6.4. 

Branching Pipes Problem.* 3f The reservoir R supplies R' and R'\ The 
three^ cylindrical pipes have a junction at J (Fig. 323). When flow is steady, 
Q (cu. ft., per sec, in main pipe) = sum of Q' and ^in the other pipes. 

IVf and are the respective friction heads. The vertical drop AB is 

/F'2_F2\ 
'^\2g 2g/ 

"F"2 ' /F"2 F2\ 

and CD" = j. The depths C/'A' and C"A" at which the 

pipes discharge under water are immaterial. There are no nozzles at N' 
and A"; that is, the jets have the same sectional areas and velocities as the 
water in the respective pipes. In practice, the velocities in a system of 
pipes are rarely over 10 ft. per sec., and the pipes are quite long, so that it is 
sufficiently accurate to neglect the small drops AD, CD', and CD", and con- 
sider that the whole drop from the surface of R to that of D' = sum of the 
friction heads Hf and H'p; also the whole drop from R ta D" = Hp + D"f. 
f Example 1. Determine the proper diam. for the 3 pipes, given Q' = 13 
and Q" = 20 cu. ft. per sec. (so that Q must equal 33); L = 30,000 ft.,L' = 
10,000 ft., and L" = 15,000 ft. The difference of elevation, R — R^ - ^0 
ft.; D — D" = 85 ft. Solution for clean cast-iron pipe: Assume one diam., 
of the friction head Hf of the main pipe; say the latter. Take Hp « 40 
ft. A steady flow is to take place of 33 cu. ft. per sec., and the friction head 

y m weight of water, lb. per cu. ft. 

C, » coefficient oX entry loss. 


tF2 y2 

equal to C,, ,. — ho ; and similarly the drop CD' 


‘2j ■ 


IB: 


unj <0% M coefficient for loss of head due to elbows, sudden change of section, etc. 
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is to be at the rate of = 1.33. ft. per thousand ft. In Diagram 310, p. 
758, the vertical line for 1.33 (interpolating) intersects the horizontal line 
for Q = 33, in a point corresponding to a diam. of 38 in. (among the lines 
sloping up to the right), while among the lines sloping down to the right, 
the velocity in a 38-in. pipe would be 4. 1 ft. per sec. (not extreme). Deducting 
the assumed Hp from 60 ft., the corresponding value of //V = 20 ft., i.e., 
at the rate of 2 ft. per thousand. From the same diagram, the intersection 
of the vertical 2 with the horizontal line for Q == 13, is a point on the line 
for a 25-in. pipe; in which the velocity would be 3.8 ft. per sec. (a permissible 
value). Similarly deducting lip from 85 ft., //'V = 45 ft., which is at the 
rate of = 3 ft. friction head per thousand. With Q = 20, the diagram gives 
27.5-in. pipe, with a velocity = 5.0 ft. per sec. If Up had been assumed some- 
what greater than 40 ft., a smaller diam'. would have resulted for the main pipe, 
with a higher velocity than before; but larger diam. and smaller velocities in 
the branch pipes. Results should be sought involving least costs, with suffi- 
cient velocities (above 2 ft. per sec.) to prevent deposit of silt. 

Example 2. In the above example the diameters of the pipes were 
sought; but if they were given, and rates of flow to be determined, assume 
a trial value for Q and find from Diagram 310, the friction head per thousand 
feet of pipe of the given diam., thence the value of Hpy for the actual length, 
EJ = L, Values of H'f and //'V corresponding to Hp are now noted, and cor- 
responding values of Q' and Q" found from the diagram. Q' + Q" should 
equal Q. If not, as the result of the first trial, assume a new value for Q; 
and so on, until the necessary equality is obtained. In the preceding para- 
graph it is assumed that water flows into R' and i?", and out of Rj but if R' 
is at sufficient elevation, or if the pipe EJ is small, water may flow out of R\ 
as well as out of R, In such case, the summit C would be lower than the sur- 
face of R', and Q + Q' *= Q"- Similar principles and methods apply to any 
system or network of pipes. 

Eqtiivalents of Parallel Pipes. Figure 324 is based on formula y = 

X 

7=-:;, where 

(1 + x)^ 

_ factor of pipes of grt;ater resistance X length 
^ ~ factor of pipes of less resistance X length 
y = coefficient by which must be multiplied 
to obtain factor of equivalent pipe. 

The discharging capacity at any point of a system of connecting pipes may be 
readily computeil by first ascertaining the sizes and lengths of an hydraulically 
equivalent, single, compound pipe line from the source of supply to the point 
of disoliarge. This is accomplished by successively combining a derived 
equivalent pipe with another pipe of the system. The combinations for the 
successive computations of the equivalents must be so selected with reference 
to the physical conditions that total losses of head in the two pipes are the 
same. For example, consider two pipes leading from a reservoir to the sa%i9 
point in a distribution system ;"a 10-in. pipe 6,000 ft. long, and an IS-in, pipe 
10,000 ft. long, or the problem is the same if these pipes branch below the 
reservoir; required the diameter of the equivalent single pipe 8,0Qft ft. long. - 
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For most cases of pipes in use the factors in Fig. 324 for “old pipe” will give 
results nearer the truth. Then 


^ _ /i X length irUhousands cHt. ^ 9.53 (from table) X 6 _ „ „ 

/. X length in thousands of ft. 0.504 (from table) X 10 “ 

y (for X = 11.3) = 0.594 (from diagram); 0.594 X 0.504 X = 0.239 

lUUU 


which lies beyond the factor for a 20-m. pipe. Theiefore a 24-in. pipe is 
indicated. ^ 



(F F Moore ) 


Division of Flow between Twin Pipe Lines. Suppose that pipes A 
and B branch at A' and rejoin at B' and that they are of different sizes, lengths, • 
and ages. Required the loss of head in the system and the part of the known 
total flow taken by each pipe. Prepare a diagram with 0 near the center, 
flows in mgd., plotted as abscissas both to ri^ht and left, and friction losses 
as ordinates. Prom diagrams similar to Figs. 309 or 310 or from Tables such 
as Haspn- Williams, on the right and left diagrams, plot curves of losses in 
eaoh line for various assumed rates of flow. These curves will have a common 



coMPtrTATiom 

point of beginning but will diverge as the assumed flows Increase/^^^ l^ 
intercept on a horizontal line at any point indicates the combined quantity 
flowing) and the position of the line above the bottom represents the head lost 
on the ordinate scale. Knowing the total flow, locate the horizontal line 
intercepting this sum, and read off the head loss, and flow in each line. On ' 
Fig. 325, are indicated the calculations for a flow of 3.70 mgd. 'in the two lines 
designated. 
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Fig. 325. Mow in twin cast-iron pipe lines. 

Time of Filling a Water Main.* Method of computation is shown by an 
example and is approximate only. Figure 326 is the profile of a 48-in. pipe 
line. First air valve controls about 2250 ft. of pipe, and so on, as shown. 
When water is admitted at standpii^e, it first fills nearest depression, and then 
rises until it overflows next summit. Hence, air displaced at first will prob- 
ably discharge through all four valves. Until second depression is filled, air 
will escape at standpipe and through at least the first two air valves. After 
this, air from section 2 alone will find egress from the first air valve. Now, as 



water rises in sections 2 and 3, corresponding volumes of air will be expelled 
at valves 1 and 2. After water overtops the second summit, air displacetl 
from sections 3 and 4 will escape from valves 2 and 3, at least; and possibly 
some from valve 4. After third depression has been filled and water has 
risen to third summit, remaining air in sections 4 and 5 must escape by valves 
3 and 4. 

Assume that pressure on air valves will not exceed 10 lb. gage. Then 


gage pressu re _ 24.7 

atmospheric pressure ~ 14.7 


1.68 and V 


1049t 


For 1-in. air valves, A = 0.7854 sq. in. = 0.00545 sq. ft. 

For lj-m» air valves, A « 1.767 sq, in. - 0.01227 sq. ft, 

♦ For precautions, Bee p. 412. 
t Air-now formula, p. 772. 
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Since passage through air valve is not an ‘^orifice in thin plate/' but" 
more nearly a short pipe, take Co ~ 0.8. (Co = discharge coefficient) 

Q for 1-in. air valve = 0.8 X 0.00545 X 1049 = 4.58 cu. ft. per sec. 

Q for ij-in. air valve = 0.8 X 0.01227 X 1049 = 10.30 cu. ft. per sec. 

100 ft. of 48-in/ pipe has a content of 1257 cu. ft. 

Since first depression is near first summit, the grade between is steep, and 
the cross-section of the pipe at this lowest point will soon be filled. As indi- 
cated in Fig. 327, suppose content of this depression equal to that of 125 ft. 
of pipe, or 1.25 X 1257 = 1571 cu. ft. To fill it will require 1571 18 = 

87 sec. = 1.5 min. if water be admitted at rate of 18 cu. ft. per sec., found 

necessary by computations below to discharge air at above rates. If pressure 
of 10 lb. be maintained at air valves 1 and 2, air will flow from them at 4.58 
+ 10.30 = 14.88 cu. ft. per sec. Sections 2 and 3 as far as second summit 
contain together 36 X 1257 = 45,252 cu. ft. Neglecting slight difference in 

elevation between first and second summits, 
it will take 3037 sec. = 50.6 min. to fill the 
main to the second summit. For approx- 
imate computation third depression may be 
considered equivalent to first. This air will 
escape from valves 2 and 3 in 1571 
14.9 = 105.5 sec. = 1.8 min. Remaining 
air in section 4 below third summit, say in 
650 -50 = 600 ft., is 7542 cu. ft., and will 
pass from air valve 3 in 1640 sec. = 27.3 min. Assuming fourth depres- 
sion, also equivalent to first, it will take 1571 9.2 = 171 sec. = 2.9 min. 

to get this air out through valves 3 and 4. This leaves about 1200 -|- 900 

125 = 1975 ft. of main, containing 24,826 cu. ft. of air to be discharged 
through two 1-in. air valves, which will require 2698 sec. = 45 min. 

There is left part of section 3 between second summit and third depression, 
which is above the elevation of the third summit, about 400 ft., containing 
5028 cu. ft. and requiring 488 sec. =8.1 min. to fill. Section 1 has been filling 
meanwhile, but, probably, 900 ft. remain empty. Water may be admitted 
here more rapidly, say at 30 cu, ft. per sec., provided air has quite free egress at 
standpipe, as would be the case if standpipe and main were being filled 
together, or if there were an ample air valve at this end of the main; 9 X 1257 

30 = 380 sec. = 6.3 min. will complete the filling of the section. Total 
time for filling main from standpipe to gate valve will be, therefore, the sum 
of these partial times, 143.5 min., or about 2 hr. and 24 min. 

To maintain conditions named above while filling the main, water should 
be admitted at the standpipe as follows: first 54 min. at 18 cu. ft. per sec.; 
next 27 min. at 10 cu. ft. per sec.; next 48 min. at 9J cu. ft. per sec.; liext 8 
min. at lOJ cu. ft. per sec. (or say 10 cu. ft. per sec. for 80 min.) ; last 6J min. at 
30 cu. ft. per sec. If rates of admission of water be materially increased for 
any period, pressure on air valves would probably exceed 10 lb. per sq. in., apd 
if valves were so constructed as to close when internal pressure exceeded this 
amount, there would be immediate danger of serious water ram. Hence, 
m^ure the water or place a pressure gage near or beyond first valve. 


•f2S* >i<- i2S' ^ 

I 





Yol« YoLof IZS'af Pipe,naarl^ 

Fig. 327. 
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Pipe 'Siphons. (True Siphons.)* For drawing water from reservoir, 
over bank, etc. At *E. London, Cape Colony, a 12-in. pipe gave following 
results on test for liberation of air (see Fig. 328); capacity of air Vessel, 
650 gal.; difference of elevation between water in reservoir and air vessel, 
maximum 15 ft., minimum 6 ft., mean, 10.5 ft.; water discharged Feb. 12 
to Mar. 22, 1906, 14 mg.; air liberated reduced to atmospheric pressure, 535 
gal. = 0.0038 per cent., under mean vacuum of 10.5 ft.; mean temperature 
70®r. (atmosphere). Water was drawn from an impounding reservoir and 



contained about 4 per cent, dissolved gases. Water was discharged at rate of 
0.36 mgd. == 0.56 cfs.-*®® 

A 68-in. riveted steel pipe had, see Fig. 329, an air receiver at delivery 
end, from which a small steam jet extracted air; but a large quantity of air 
liberated was entrained and carried out with the discharged water. With 
6-in. difference of water levels, delivery was very approximately 43 mgd. 
= 67 cfs.484 

Air in water: rat% of rise of air bubbles - through water. In flowing 
through gate houses and other structures, under certain circumstances, water 


— >1 



Fig. 329. 


entrains air, and it is sometimes necessary to remove excess air before per- 
mitting water to flow on into an aqueduct or pipe. In connection with design 
of an air remover for Catskill aqueduct^® to determine rate at which air would 
probably separate from water, simple experiments were made (1909), see 
Fig. 330, on rate at which air bubbles would rise through water. A wooden 
tank 6 in. square inside, 11 ft. 4 in. high, with panes of glass at intervals 
on one side, and a small pipe near bottom for admitting air under pressures 
up to 5 lb. was used. The air pipe was horizontal with end capped, one hole 

• '.v ■ 

* See Brann tc Sherman, “Operation of a True EKphon on a Main Supply Pipe,” N. B.W. 

V.ol. 85, 1921, p. 36. 


WA jr4iVl)B00iC 


h in. diam. in top of pipe at vertical center line of tank; air was controlled 
by a cock. Water temperature was 70®F., air 72®F. 

Water discharged from a hose immersed about 5 ft. in water liberated air 
in bubbles of various sizes, including a quantity of very small ones in. and 
less. No attempt was made to measure rate of rise, but it was noted that the 


Rote of Rise. Feel- per Second smaller bubbles rose Very slowly. 

0.6 Water was discharged from i-in. 
nozzle on to the water surface in 
the tank. It carried air with it to 
a depth of 6 to 8 in. in form of 
bubbles from J-in. diam. to very 
small ones. There seemed to be 
a distinct division of bubbles into 
two groups, those about iV in. in 
diam. and over, and those about 
/-f in. and under. There were 
very few bubbles of diam. between 
iV and i)V in. Pressure at 
nozzle probably about 15 lb. ' 
The velocity of ‘‘ commotion 
bubbles (about J in. diam.) is 
about 9 ft. per sec. The velocity 
varies as the square root of the 
diam., and the diam. increases as 
the bubble approaches the sur- 
face due to the lessening pressure. 
Elimination^^ bubbles are sel- 
Rateof Rise . Inches per Second dom over 0.01 ill. diam. at any 

Fig. 330. — Velocity of air bubbles rising stage of their ascent, and caiinot 
through water. Experiments at Bd. of Water at a rate greater than 2 in. 

Supply Laboratory, New York, Aug., 1909. ^ 

per sec.®'' 

Experiments made with glass tubes 5 in. in diam. showed a velocity of 
8 to 10 in. per sec. for |-in. bubbles. The velocity does not depend on the 
depth of water. 



Rate of Rise » Inches per Second 

Fig. 330. — Velocity of air bubbles rising 
through water. Experiments at Bd . of Water 
Supply Laboratory, New York, Aug., 1909. 


Table 286. Rate of Rise of Air Bubbles through Water 


Estimated 
. nie of 
bubble, in. 


Av. time, minutes, con' 
Burned in rising 



Bubbles liberating themselves naturally 
from orifice ipi top of air pipe. . 


Large hemispherical bubbles, made by releas- 
ing large quantity of air quickly, rising at 
head of large groups of smafier bubbles^ 


Time is that required, after Hb^aU^ l^j 
quantity of air, to clear water of all buf 
larger than sise stated. 
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Ixive8tigations.t This * subject is too complex for brief statement* * 
Engineers having important problems should consult the authorities, souofe of 
whom ,are mentioned below. Useful formulas ard given by Prof. W. P. 
Durand, in the “Hydraulics of Pipe Lines/’ Constable & Co., London, 1921 ,* 
and in E. N. R,, Dec. 23, 1920, p. 1212, “Water Hammer in Pipe Lines, but 
the formulas cannot be separated from their context. They are based on 
the Joukovsky,®^ or acoustic wave theory. J It Ixas been customary to assume 
for simplicity various restrictive conditions,, but omitting thereby factors 
which have important bearing on numerical results. As King^h points out: 
“Discrepancies of from 100 to 220 per cent, are possible. Durand gives an 
analjdiical treatment, of the problem including conditions as they exist in 
actual practice — ^imperfect reflection at the valve, friction in the pipe line, 
velocity head, any time rate of valve area change, and loss of energy through 
the discharge valve. Further experimental knowledge is needed. 

Importance. Allowance for water-hammer is essential in designing pipe 
systems; extra thickness is required for cast-iron pipes (see p. 3S2). Many 
breaks in lines and pumps are on record; e.g.y the wheel of a 4-in. centrifugal 
pump was cracked by water-hammer in Arizona.®* 

Stresses in Pipe.^^c When water flows through a very long pipe, sudden 
closing of valves, especially the last quarter of travel, tdnds to cause high 
momentary bursting pressures, or water-hammer; extreme pressure would be 
occasioned by instantaneous closing. If the pipe does not move lengthwise, 
kinetic energy of water will exhaust itself in compressing water and distending 
walls of pipe. Water has only one modulus of elasticity, “Bulk Modulus,*^ 
or Eb* For pressures below 1000 lb. per b(i. in. (and at ordinary temperatures) 

Eb may be taken as 294,000 lb. per sq. in., or 42,400,0001b. per sq. ft. Neglect- 
ing distention of pipe,§i fluid pressure induced by compression of the water, 


Pr = F., 


- or Pr(in lb. per sq. in .) = 03 X F(in ft. per sec.) 


w = unit weight of water, and V = initial velocity. “Excess pressure'^ is 
proportional to original velocity V of water in pipe; t ~ thickness of pijie wall, 
and r = internal radius of pipe. If E is modulus of elasticity of metal of 
pipe, distention of latter being considered, “excess pressure^^ tending to burst 



Surges in Pipe Lines. The increased stress in lb. per sq. in. of metal, 

Sly due to the sudden stoppage of water = 307 where F « velocity of 

flow in ft. per sec. ‘in the pressure pipe just before the interruption; ^ » 
maximum thickness of pipe, in.; d = nominal diam. of pipe, in. Example:^ 

* Sometimes called water ram or shook. 

t See also “Pulsations m Pipe Lines, as Shown by Some Recent Tests,'* bv H C Vensano, T, 4. 
S.d B t Vol 82, 1918, p 185. ^Tressures in Penstocks Caused by the Qradual Closing of Tuxblaa 
Gates,’* by Norman R Gibson, with discussion, T A S C E , Vol 83, p 207, 1010-^ ifSK), 

tBiee,Memotr8f Imperial Academy of Science, St Petersburg, 1807, Vol 9; also f A Anaiil! 

a^a Sooietk degli Ingegneri, Rome, Vol. 17, 1902 

I For very high pressure see E. N , Oct 4, 1900, p 236 
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In a 60-in. pipe, 0.5 in. thick at the lower end, what is the fiber stress due 

to the sudden stopping of water flowing at a velocity of 5 ft. per sec.? - = 

120, and aSi = 17,000 lb. per sq. in. The sum of the initial stress, S, due to 
the static head, and >Si, gives the required stress. 


Excess pressure, in ft. head = 1415F^ 


This excess pressure is inde- 


pendent of the length of pipe, because each foot of pipe which adds to the 
energy of the water also adds to the length of pipe on which work is done. 
These equations are for instant closure of gates, and show the necessity for 
slow closing. If the energy imparted to the pipe, is neglected, an assumption 
on the side of safety, tlie rise in pressure due to the gradual closing of the 
valves = 0.0135La. In this case the rise in pressure is* directly proportional 
to the length of pipe, L, and to the rate of bringing the water to rest. In 

velocity 

erther words, a the rate of acceleration, = 

Practical Results. Water-hammer is the more severe the quicker the 
closing, the higher the velocity of the water, and the greater the length of the 
moving column of water. Sudden closing of an automatic balanced valve 
in a short 42-in. steel i)ipe, at Springfield, Mass, filters, static head 25 ft.. 



Fig, 331. 


caused hammer estimated at ten times this head, forcing water through riveted 
joints in a connected J-in. steel plate water-wheel case.53 At 2.53 miles from 
reservoir, Rochester, N. Y., F]. Kuichling repeatedly observed increased pres- 
sures in 24-in. cast-iron pipe caused by hand closing in 20 min. of a 24-in. 
valve, 2100 ft. beyond the point of observation; hydraulic pressure, valve 
open, 40.2 lb.; velocity 3.45 ft. per sec.; static pressure, valve shut, 49 lb. 
Last 4 min. of closing, pressure rose to maximum of 65 lb., then oscillated 
rapidly a. few seconds 40 to 65 lb., then gradually reduced in 2 min. to 42 
to 57 lb., and in 8 min. more to 46 to 52, with increasing intervals between 
pulsations; at end of 15 min. pressure varied little from 49 lb. Hydraulic 
elevators, locomotive standpipes, and similar devices are prolific causes of 
water-hammer. Air chambers, relief valves, and open standpipes extending 
above normri hydraulic gradient are means for preventing damage. Slow 
closing of valves is best prevention. Steel cylinders 5 ft. diam. and 15 ft. 
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long modnted in a horizontal position just outside the pump house on the 37- 
mile pumping line for El Paso & South Western Ry. prevented water-hammer; 
the pressure variation was gaged as less than 2 Ib.w under operating 
conditions. * . 

Surge in Hydraulic Standpipe.56 In each experiment,* steady flow was 
first secured with LO 1 1 ft. below BK^If corresponding hydraulic grade line being 
BR, Let sectional area of main pipe, be denoted by F, and that of 
standpipe (at LO and above), viz., by F\ Let the valve at A be instan- 
taneously closed. Surface of water in the standpipe immediately begins to 
rise above its initial position LO, and velocity, of the w^ater in the main 
pipe begins to diminish from initial value, Vo = 7.5 ft. per sec. Unsteady 
flow now sets in; what value of v will correspond to any value of x (height of 
surface aSL in standpii)e, above LO), during upward “surge;” i.c., find v as a 
function of x and finally determine greatest height Xm ~ OM of surge, the 
water in both i)ipes having then come to rise, for an instant. Let y denote 
weight of a cu. ft. of water, and g acceleration of gravity. Apply Principle 
of Work and (Kinetic) Energy, as governing the motion of an assemblage of 
rigid bodies, to the movement, in time increment, dt^ of all particles of water 
in supply pond, main pipe, and standpipe; their aggregate weight being G lb. 
Equating work of working force G to friction work plus change of kinetic 
energy, all forces besides gravity and friction being either neutral or self-cancel- 
ling (atmospheric pressure) 


yF dx{h — a:) = 7 vdv + y ^ - 


'+f]‘ 


0) 


1 r F I 

Dividing through by F'y^ also denoting 1 + ^ - J by A, and ^ by R, 


• [/i — X — Av^]dx = Bvdv 


Integrating, Av’^ = h — x + 


B 

2A 


r 1 

[l 


( 2 ). 

(3) 


which is the desired relation giving velocity v in the pipe for any value of x dur- 
ing the (first) upward motion, or “surge,” of the surface S7^ of the water in the 
standpipe. Position reached by this surface at end of first surge is found by 
putting V = zero in (3) and solving for x, which is then called Xm = OM in 
Fig. 331. 

B r 

Xm = A “f* 2A I ^ ^ ^ 


This transcendental relation can be solved for Xm only by trial; not tedi- 
ous, since the value of the bracket is not greatly affected by changes in Xm as 
successive assumptions are made, c is 2.71828, Naperian base. 

Applying Eq. (4) to experiment with 6-in. standpipe (d' = 6 in.), we have 
(since ^ = 11 ft., ~ Avq'^ and Vo = 7.5 ft. per sec.), A = 0.1955; while 


F' s (6)‘ 32.2“ ' ' 

both values involving ft. and sec. as units. 

’(‘Experiments, 1909-1910, Hydraulic Lab., Cornell University, by H. H. Conway and F. 


Storey 

_^g. 

t / « friction factor, see p. 754. 


flig. 331. 
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B 0.A 

^ = 4.94 ft.; while ^ = 0.2024. 

With 20 ft. ^ first trial value for Xm, 

2A 

becomes 6 -^*^24 X 20 ^ ,^4.048 

and hence it is reciprocal of number whose natural logarithpi (loge) is 4,048, 
which is 57. 

From Eq. (4), 11 + 4.94^1 - = 15.85 ft., 

which is much smaller than, assumed 20 ft. 

Assuming 16 ft. for Xmy right-hand member of (4) = 15.7; assuming 15.7 ft. 
for Xn^y froiA (4) 

= 11 + 4.94 [^1 - i] = 15.74 ft. 

Result of actual experiment was = 16 ft. 

Experiment with 4-in. standpipe, h — 11 ft. and Vo = 7.5 ft. per sec.; A, 
as before == 0.1955; but. since now diam. of standpipe is equal to that of 
main pipe, so that F == F\ 

^ = = 4.348. 

= 1L12 ft; and ^ - 0.0900. 


Assume Xm == 25 ft., right-hand member of Eq. (4) becomes 


11 + 11.12 [^1 - = 20.93* ft. 


Finally value 20.3 ft. proves sufficiently close. Value found by experiment 
was 19.8 ft. 

1 2A 

For practical use, transform Eq. (4) by writing^ = y in exponent inside 
bracket, while restoring original meaning of A and B outside bracket, 


Xm - h + 


F 

F'' 


I 

7f 




Xm 1 

~K 


(5) 


(Note that the coefficient outside the bracket = if.) 

In solving Eq. (5) for Xm, in any actual case of a water-power plant with a 
long supply pipe, a fair value for the first approximation may usually be 
obtained by neglecting second term in bracket, since value is generally small 
compared with unity. As to time occupied in first upward surge, observed 
time in case of O-in. standpipe was 10 sec.; and for 4-in. standpipe, 5 sec. A 
relation holding between t; and x for any instant during return motion (irat 
downimi^ surge) of water in standpipe (with corresponding ‘‘backward^* 


main pipe) can easily be established by use of foi^otog 
that initial conditions of th^ dc^W^ 
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?ire final conditions of first upward surge. Another upward surge now follows, 
and so on; but each succeeding surge is shorter in range than that immediately 
preceding until finally water in standoioe comes to rest with summit on !ev«l 
with that of lake surface.’' 



Francis’ weir formula (for sharp-crested weir with two end contractions, 

I 

and no correction for velocity of approach); Q = 3.33 (L — 0.2H)H , Q *= 
cfs., H = head and L = length, in ft. Studies since 1852 have shown that 
this formula may be in error 5 or 10 per cent. It is extensively used on account 
of its supposed simplicity. (See discussion in King’s ^‘Handbook of Hydrau- 
lics,” McGraw-Hill Book Company, Inc., 1918, p. 67.) Schoder^^ warns 
that the formula should not be used unless L > 2h. See Steward and Langwell, 
T: A. S, C. E., Vol. 76, 1913, p. 1045, 

* See also T. A, S. C. E„ Vol. 78, 1915, p. 760, R. D. Johnson, 
t See Herschers studies on Hollowcrcst weirs, J. A. 8. M. E., Feb., 1920, p. S3, 
i For verification sec paper by Nagler, T. A. S. C. E., Vol. 83, 1919-1920, p. 105. 

§ See page 791 for flat crests. , , 
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Table 28$. Rectangular Weir Discharges (Two Full End Contractions) 

Gallons per Minute for Head's Measured to i*'. Between 100 and 1000, Figures to 
Nearest Unit. Above 1000, Figures to Nearest 10. 


Head 

0-^ 1 

1' 1 

1" 

r 

t 

I' 


r 

r 

Weir Length, 12 Inches 

0" 


1.57 

4.45 

8.25 

12.6 

17.6 

23.1 

29.0 

1" 

35.3 

42.1 

49.2 

56.7 

64.4 

72.4 

80.8 

89.4 

2" 

98.3 

108 

117 

126 

136 

146 

156 

167 

3" 

177 

188 

199 


222 

233 

245 

256 

4" 

268 

280 

293 


317 

330 

343 

356 

5" 

369 

382 

395 

408 

421 

435 

448 

462 

6" 

475 

489 

503 

517 

532 

547 

560 

574 



B9 


3.14 

8.92 

16.6 

25.4 

35.3 

46.5 

58.4 

V' 

71.3 

85.0 

99.5 

115 

130 

147 

164 

182 

2" 

200 

219 

238 

258 

278 

299 

320 

342 

3" 

364 

387 

410 

433 

457 

482 

506 

531 

4" 

556 

582 

608 

634 

661 

688 

715 

743 

• 5" 

771 

799 

827 

856 

885 

914 

944 

974 

6" 

1000 

1030 

1060 

1100 

1130 

1160 

1190 

1220 

7" 

1250 

1290 

1320 

1350 

1380 

1420 

1450 

1480 

8" 

1520 

1550 

1590 

1620 

1660 

1690 

1730 

1760 

9" 

1800 

1830 

1870 

1900 

1940 

1980 

2010 

2050 

mism 

2080 

2120 

2160 

2200 

2230 

2270 

2310 

2350 

11" 

2380 

2420 

2460 

2500 

2540 

2570 

2610 

2650 

12" 

2690 

















Hoad 

Weir Length, 36 Inches 

0" 


4.71 

13.4 

24.9 

38.1 

53.0 

69.8 

87.9 

1" 

107 

128 

150 

173 

197 

221 

247 

274 

2" 

302 

330 

359 

390 

420 

4^ 

484 

517 

3" 

551 

586 

621 

656 

693 

730 

767 

805 

4" 

844 

883 

923 

963 

1000 

1040 

1090 

1130 

5" 

1170 

1220 

1260 

1300 

1350 

1390 

1440 

1490 

6" 

1530 

1580 

1630 

1670 

1720 

1770 

1820 

1870 

7" 

1920 

1970 

2020 

2070 

2120 

2170 

2230 

2280 

8" 

2330 

2390 

2440 

2490 

2550 

2600 

2660 

2710 

9" 

2770 

2820 

2880 

2940 

2990 

3050 

3110 

3160 

10" 

3220 

3280 

3340 

3400 

3460 

3520 

3570 

3630 

11" 

3700 

3760 

3820 

3880 

3940 

4000 

4060 

4120 

12" 

4180 


















Weir Length, 48 Inches 

0" 


6.28 

17.9 

33.2 

50.9 

70.8 

93.4 

117 

1" 

143 

171 

200 

231 

263 

296 

331 

366 

2" 

403 

442 

481 

521 

563 

605 

648 

693 

3" 

738 

784 

831 

879 

928 

978 

1030 

1080 

4" 

1130 

1180 

1240 

1290 

1350 

1400 

1460 

1520 

5" 

1570 

1630 

1690 

1750 

1810 

1870 

1940 

2000 

6" 

2060 

2120 

2190 

2250 

.2320 

2390 

2450 

2520 

7" 

2590 

2650 

2720 

2790 

2860 

2930 

3000 

3070 

8" 

3150 

3220 

3290 

3360 

3440 

3510 

3590 

3660 

1 9" 

3740 

3810 

3890 

3970 

4040 

4120 

4200 

4280 

10" 

4360 

4440 

4520 

4600 

4680 

4760 

4840 

4920 

11" 

5010 

5090 

5170 

5260 

5340 

5420 

5510 

5590 

[■.12" 

5680 




















Table 287. Rectangular Weir Discharges without End ContractionSi’*' 
Francis Formula 


Depth of water 
on weir (in.) 

Discharge per liii. 
ft. of weir 

Depth of water j 
on weir (in.) I 

Discharge per lin. 
ft. of weir 

Depth of water 
on weir (in.) 

Discharge per 
lin. ft. of weir 

5*^ 

eS ci 

Q ® 

Dischar 
lin. ft. o 


Cu. ft. 
per sec. 

Gals, 
per min. 

Cu. ft. 
per sec. 

Gals, 
per min. 

Cu. ft. 
per sec. 

Gals. 

per 

min. 

Cu. ft. 
per sec. 

Gals. 

per 

min. 

1 

0.0801 

35.95 

8 

1.8126 

813.5 

15 

.4 . 6538 

2089 

22} 

8.550 

3837 

11 

0.1120 

50.27 

8i 

1.8983 

852.0 

151 

4.7673 

2140 


8.836 

3966 


0.1472 

66.06 

84 

1 .9852 

891 .0 

15| 

4.8880 

2194 


9.126 

4006 

1} 

0.1854 

83.21 

81 

2.0736 

930.6 

151 

5.0071 

2247 

gicll 

9.419 

4227 

2 

0.2266 

101.70 

9 

2. 1629 

970.7 

16 

5.1268 

2301 

vJfl 

9.715 

4360 

21 

0.2703 

121.31 

91 

2.2537 

1011.5 

161 

5.2477 

2355 

Kwfi 

■EKIEl 

4494 


0.3166 

142.09 

91 

2.3456 

1052.7 

16? 

5.3691 

2410 

25} 

10.315 

4629 

21 

0.36.54 

164.00 

91 

2.4389 

1094.6 

16i 

5.49M) 

2465 

26 

10.620 

4766 

3 

0.4162 

180.79 

10 

2.5332 

1136.9 

17 

6.6149 

2520 

m 

10.928 

4904 

31 

0.4693 

210.64 

101 

2.6289 

1179.8 

171 

5.7393 

2576 

27 


5044 

31 

0.5245 

235.40 

101 

2.7256 

1223.2 

17? 

5.8645 

2632 

27} 

11.552 

5186 

31 

0.5817 

261.07 

101 

2.8234 

1267.1 

17 i 

5.9908 

2689 

28 

11.869 

5227 

4 

0.6409 

287.63 

11 

2.0225 

1311.6 

18 

6.1176 

2746 

28} 

12.189 

5470 

41 

0.7020 

315.06 

111 

3.0228 

1356.6 

18) 

6.2453 


29 

12.510 

5614 


0.7647 

343.20 

11? 

3.1240 

1402.1 

18i 

6.3738 

2861 

29} 

12.835 

67<V0 

4 

0.8292 

372.14 

Ill 

3.2267 

1448.1 

181 

6.5039 

2919 

30 

13.163 

5907 

5 

0.8956 

401.95 

12 

3 . 3300 

1494.5 

19 

6.0344 

2978 

30} 

13.491 

6065 

51 

0.9636 

432.46 

121 

3.4344 

1541.4 

19} 

6.7660 

3037 

31 

13.827 

6205 

51 

1.0333 

463.75 

12]i 

3.5403 

15.H8.9 

19 J 

6.8980 

3096 

31} 

14.162 

6356 

51 

1 . 1046 ■ 

495.74 

121 

3.6470 

1636.8 

m 

7.0309 

3155 

32 

14 . 501 

6508 

6 

1 . 1773 

528.37 

13 

3.7548 

1685.2 

20 

7.1650 

3216 

32} 

•14.842 

6661 

51 

1.2523 

562.03 

131 

3.8638 

1734 . 1 

201 

7 . 2997 

3276 

33 

15.186 

6815 

61 

1.3275 

595.78 

134 

3.9735 

1783.3 

20} 

7.4354 

3337 

33} 

15.533 

6970 

61 

1.4048 

630.47 

131 

4.0842 

1833.0 

201 

7 . 5720 

3398 

34 

15.881 

7127 

•7 

i.4836 

665.84 

14 

4.1963 

1883.3 

21 

7.7091 

3460 

34} 

16.233 

7285 

71 

1 . 5638 

701.83 

141 

4.3092 

1034.0 

21} 

7.8469 

3522 

35 

16.587 

7444 

71 

1.6454 

1 738.4*6 

14J 

4.4230 

1985.0 

21} 

7.9860 

3584 

35} 

16.944 

7004 

71 

1.7282 

775.62 

141 

4.5382 

2036.7 

22 

8.2662 

3710 

36 

17.303 

7766 


* Warning: This table should bo used only for rough approximations, as for spillway capacities. 
Velocity of approach is not considered. 


Table 288. Triangular Weirs. Coefficient of Contraction 


2A 

Variation of head, ft. 

Readings, number 

Range of C 

C* Average 

28® 

0.47;i5~3.0375 

17 

0.58G-0.607 

0.5994 


0.2303-2.9922 

24 

0.435-0.687 

0.5645 


0.440 -2.458 

15 

0.532-0.591 

0.5705 


0.294 -1.501 

13 

0.574-0.603 

0.5953 


* If one ignores heads below 0.5 ft., C = 0.0002, 0.5752, 0.5752 and 0.590G for 28®, 60®, 90®, and 
120®, respectively. 


Proportional Flow Weirs. Weirs of the Sutro type are designed so that 
head above crest is directly proportional to the discharge. The proper 
shape of the curve of the sides has been investigated by Rettger and others; 
see E, N,, Jan. 25, 1914, p. 1409. 

Trapezoidal Weirs. Cippoletti’s formula is Q == S,S67LH , and applies 
to a weir with end slopes 4 on 1, sill horizontal, all edges sharp; the plane of 
the weir should not be more than 4° from a perpendicular to the axis of 
the canal; other conditions are the same as for Francis weir with full contrac- 
tions. For lengths 3, 4, 5, 6, 7, 8, and 9 ft. of Cippoletti weir, Flinn and Dyer 
in 1893,5® found an agreement with the standard Francis weir, within 0.2 to 
5 per cent, for heads from 0.2 to 1.4 ft. The experiments were made at the 
Holyoke testing flume. 

J. C. Stevens experimented on 6-in., 2-ft., and 3-ft. weirs. The discharge 
curves gave continually larger results than indicated by the Cippoletti formula. 
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These differences result from two causes: (1) On long weirs^ the effect of end 
contraction, a curvilinear rather than a rectilinear function, is negligible, 
whereas it is a larger item on short wears; end slopes should be greater than 
4 on 1 properly to compensate for contraction. (2) The slightly rounded crest 



Depth of Tfoter on Weir (h) in Feet Corrected for Velocity of Approach 

Fig. 333. — Coefficient C for short sharp-crested rectangular weirs, with end 

contractions.*® 

(Hamilton Smith, Jr ) , 


reduces the bottom contraction. The weir tested had 4 on 1 end slopes. It 
was made of 2-in. plank cut to shape, and beveled 45° on the downstream 
side. A galvanized iion jdate in one piece protected the edge.®® 


Fig. 335. — Triangular weir. 

Triangular Weir. Prevention of inward flow at sides of notch, due to 
narrowness of channel or roughness of upstream face of weir, increases 
discharge.*^ 

Angle at vertex 90°. Qn, = Cy,H\ in which has following values: 
h 0 25 0 333 0.417 

a* 153.06 161.98 161.2 




Q * Qm cu« ft. per min., h = head on notch, ft. 

♦ Thof»il«oii*i ejKperiinonti** yielded, reepcotivcly, 153 3, 162 76, and 162 34 
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Heoid(h) mfee+ 

Fig. 336. — Discharge of triangular weirs.*^ 

(Studies by V. M. Cone,* Doebler and Rayfield, Barr-Stnokland ) 

♦See also teste by Cone on oiroular notches, J Agn Research, U S Dept, Agri.« Mar. t’ 
alwi^^ S, July 31. 1924, p 182 
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Angle at vertex 54®; area of orifice is half that for 90®; Cu, is slightly greater 
than half Cv, for 90°. 

Tests at Cornell University: For perfect contraction, with sharp edges, 

Q = y/2gM^ == tan A\/2g.h^ 

B = width of notch at height //. A \ angle. 

4 B — 

UK — a constant for a given weir, then Q = Kh^ theoretically^ 

orQ = CKh^, where C = coefficient of contraction.* 

From these data, experimenter R. B. Daudt concludes: (1) For heads between 
0.5 and 3 ft., coefficient of contraction is fairly steady. Av(*rage C might be 
within 1 per cent, of truth. (2) Knifelike edge of weir secured almost perfect 
contraction, accounting for lower values of C than in other experiments. 
(3) Intermediate weirs between 28® and 120® have lower coefficients than 
these limits.®^ 


Table 289. Discharges over a 90° Triangular Notch Weir 

Q - 2.04;/5 (Q in cfs.; II in ft.) 


K 

Gallons 

Liters 

h. 

Gallons 

Liters 

inches 

per min 

per min. 

inches 

per min 

per min. 

i 

0.076 

0.29 

3 


45.1 

171 


0.42 

1 6 



49.7 

188 

i 


0.74 

2.8 



54.4 

206 



1.16 

4.4 



59.2 

224 



1.71 

6.5 

1 

f 

w.o 

245 

1 

2,38 

9 0 

70.1 

266 



3.19 

12 1 

4 

75.9 

288 



4.17 

15.8 


. 

82.1 

311 



5.25 

19 9 



88.3 

335 



6.55 

24.8 



• 95.1 

360 

i 


7.99 

30.3 



102.0 

387 



9.60 

36.4 

i 


109 2 

! 414 



11.4 

43 0 



116.7 

1 442 

2 

13.4 

51,0 



124.6 

472 



15 7 

60.0 

5 

132.7 

1 503 



18 0 

68 0 



141.1 

! 535 



20 6 

78.0 



150.0 

569 



23 5 

89 0 



159.0 

603 



26.5 

100.0 



168.5 

639 



30 1 

114.0 



178 3 

676 



33.4 

127.0 



188.3 

714 

3 

37.0 

140.0 



198 8 

1 753 

i 

41.0 

155.0 

6 

209.5 

1 794 


Weir box is used to measure the discharge of small pumps, and other 
relatively small quantities. The depth on the weir must not be over one-third 
the depth of the box or canal, and the distance of the side of the weir opening 
from the side of the canal or box must not be less than the depth on the weir. 
A series of racks baffle flow effectively.®® The edge over which water falls 
must be level. All edges of the notch must be sharp. 

Flow of Water over Dams. From Cornell experiments on flow over weirs, 
Gardner S, Williams has deduced coefficients in Table 290 to be app&ed to 
. ^jFraaciB or Bazin weir formula (based on sharp-edged weir) in computations 
Inr dinAarge over dams. 

ttslaei in Table 288, p. 787. 
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From measurements .of flow the following rating formulas hjive been 
determined.®^ 


Q - 2.491 
Q = 3.088 
Q = 3.110 
Q = 3.196 
Q = 3.043 


Merced dam 

La Grange dam *(Turlock) 
Yakima dam 
Old Austin dam (Texas) f 
Rock-faced dam (Birmingham)^* 


Table 290. Discharge Coefficients for Overflow Dams^^ 


Type 

n 

m 

A 

A 

A 

A 

Bi 

n 

D 

B 

D 

D 

B 

Bi 

6 (feet) 

0.48 

0.93 

1.65 

3.17 

5.89 

8.98 

12.24 

16.30 

6.65 

11.25 



■B 

MH 




IHpAf 

Head 

(ft.) 

0.5 

1.0 

1.6 

2.0 

2.5 

3.0 

3.5 

4.0 

0.902 

0.972 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

0.830 

0.904 

0.957 

0.989 

1.000 

1.000 

1.000 

1.000 

0.819 

0.879 

0.910 

0.925 

0.932 

0.938 

0.942 

0.947 

0.797 

0.812 

0.821 

0.821 

0.816 

0.813 

0.810 

0.808 

1 

0.785 

0.800 

0.807 

0.805 

0.800 

0.796 

0.793 

0.790 

0.783 

0.798 

0.803 

0.800 

0.795 

0.791 

0.787 

0.783 

0.783 

0.795 

0.802 

0.798 

0.792 

0.787 

0.783 

0.780 

0.783 

0.792 

0.797 

0.795 

0.789 

0.784 

0.780 

0.777 

1.060 

1.079 

1.091 

1.086 

1.076 

1.067 

1.060 

1.0.54 

1.060 

1.079 

1.092 
1.097 
1.096 
1.095 
1.094 

1.093 

0.968 

1.008 

1.032 

1.041 

1.043 

1.044 

1.045 

1.046 

0.971 

1.040 

1.083 

1.105 

1.118 

1.128 

1.136 

1.144 

0.971 

1.040 

1.092 

1.126 

1.146 

1.163 

1.177 

1.190 

*1 4? 




t 

h 

r- 

p 


A 

{Rec+an^ular) (tricin^ulijr) 



D E 

Round Topped 


F 


Fig. 337. — Types of crests referred to in Table 290. 


Coefficients of Discharge for Flow through Notches.®* In constructing 
dams, it is often necessary to approximate the number of openings to be left 
to take the. river flow. Tests were made at McCairs Ferry dam, with rec- 
tangular openings 4d ft. deep, and 40 ft. wide, left in the concrete, 7 ft. above 
the river bed; each notch, or opening, was about 40 ft. long (== thickness of 
dam). Two formulas were tested for constants: (1) Fteley and Steai-ns: 
Q = CMH + 

(2) Ordinary weir formula: 

Q= CJ.ill ~ 

Q = discharge, cfs. 

H = measured height, ft., of upstream pond level over bottom of notch, 
corrected for velocity of approach. 

* Ht = measured height, ft., of tail water below dam over bottom of notch, 
corrected for velocity of retreat. 

L = crest length, ft., corrected for end contraction = 40 — 0.2 (H —Ht)* 

Co = coefficient of discharge for submerged weir. 

Cw = Bazin's coefficient, using head, H — Ht* 

H varied from 14.2 to 24.4 ft., with a corresponding variation in lit from 

4.40 to 7.60 ft., and Q from 4550 sec. ft. to 10,100 sec. ft. Co varied from 2,3fi 

for first condition, to 2.47 for H == 17 and 18 ft. Cw varied from 3.92 to 

4.0J corresponding to heads and quantities first mentioned. 

* Profile on p. 173. 
t on p. 168. 
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How in pipe lines can be gaged by the insertion of a Venturi meter (see p* 
459), an orifice diaphragm, or a pitot tube, when each is properly calibrated. 
Piezometers on a pipe line indicate by the difference in gage heights,, the 
loss of head in the intervening pipe, whence can be derived the value of S 
in the Chezy formula, see p. 754, for calculating flows. For examples of use 
on Detroit tests, see T. A, S. C, E.^ Vol. 47, 1902, p. 71. Salts and chemicals 
have been used with success in hydro-electric work. See B. F. Groat, in 
T. A, S, C. Vql. 80, *1916, p. 951, and Allen and Taylor, Mech, Eng,^ 

Vol. 46, 1924, p. 13. Open-channel flow may be gaged by the Venturi 
flume, weirs, or various irrigation devices. See bibliography in Proc, A, S, 
C, E. March, 1925, p. 154. 

Bibliography, Chapter 34. Hydraulics 
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neers* Handbook” (McGraw-Hill Book Company Inc.), 1624, p. 267. 58. “Hydraulics,” Plates 
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F* JV. A- 5ept, 16, 1920, p. 558. 66. Martin: E. N., Sept. 29, 1920, p. 321. Bl. Water Supply and 
Irriffatihn Paper, 150. 68. Cornell Civil Eng., May, 1910. p. 287. 69.* E, N. R., Mar. 12, 1925. 
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CHAPTER 35 


MASONRY AND PUDDLE 
CONCRETE* 

Sandf for mortar or concrete in hydraulic structures may bo coarsOt 
medium, or fine, but must not have grains of uniform size nor a large propor- 
tion of substantially one size; a gradation from coarse to finej which has 
minimum voids is best. Run of crusher or bank is used only by permission. 
The fineness modulus§ should, in general, be not less than 2.5 nor more than 
3.5. Grains should be hard, durable material, with not more than 3 per cent, 
organic matter or 5 per cent. clay. In particular, sand should be free of 
organic coating. Field test for this consists in shaking sand with dilute 
solution of sodium hydroxide, setting aside for 24 hr., and noting the color 
of supernatant liquid.^i Dirty sand should be washed; too uniform sand 
shcluld be mixed with other. Some sands apparently clean will not make good 
mortar, some ingredients interfering with the setting of the cement; less than 
1 per cent, foreign matter is sometimes troublesome. Sand which cannot 
be used with .one brand of cement will sometimes give satisfactory results with 
another, brand. Some mortars and concretes which harden very slowly ulti- 
mately become very strong. Best determination is to make large test cylin- 
ders or cubes of concrete or mortar with the sand and cement which it is 
expected to use. Fev cylinders 8 in. in diarn., 16-in. length is standard, 
but 2 by 4 in. is commonly used. 


Table 291. Standards for Classification of Gravels and Sands by Sizes* 


Conventional name | 

1 Corresponding diarn. 

mm. 

in. 

Coarse gravel 

1 50 0 to 5 0 

2.00 to 0.20 

Fine gravel* 

5 0 to 1.0 

0 20 to 0.04 

Coarse sand* 

1 1.0 toO.5 

0 04 to 0.02 

Medium sand* 

0 5 to 0.25 

0.02 to 0.01 

Fine sand* 

0.25 to 0.10. 

0.01 to 0 004 

Superfine sand (very fine) * 

0 10 to 0.05 

0.004 to 0.002 

Rock flour — silt* 

0.05 to 0.01 

0.002 to 0.0004 

Superfine flour — silt* 

0.01 to 0.005 

0.0004 to 0 0002 

Clay* 

0.005 to 0.0001 



* Designations by U. S. Bureau of Soils, BuU 249, 1912. 


Cementll Only Portland cement should be used for important structures. 

Its cost on works has been reduced by (a) manufacturing from native 

* See the various standard books, notably the section on Materials in “Concrete Engine^* 
Handbook," by Hool and Johnson (McGraw-nili Book Company, Inc , 1918). 
t See E. H.j June 12, 19, 26, 1915, articles by Chapman and Johnson 

i New York Central R. R. practice classifies as sand all material passing a No. 3 sieve {|-iA.. 

^he fineness modulus is the sum of the percentages ip the sieve analysts divided by 100, wjfHHpii , 
the sieve analysis is expressed as percentages coarser than the sieves in the Tyler standard 
scale; ranging from lOO^mesh screen as the finest, and with no upper scale. 

II See Sp^eifioation C9-21, A. S* T. M. 
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at the site, as was done at Roosevelt and O^Shaughnessy dams, or by grinding 
locally with equal parts of sand to form ‘‘sand cement, as at Elephant Butte 
and Arrowrock dams.2 The latter sets more slowly than cement, and requires 
larger investment in forms; the tendency to cracking also increases.^ 

Tufa Cement. Sometimes tufa is a calcareous deposit, but that described 
here is of volcanic origin. It is of grayish or creamy color, and of low specific 
gravity in rock form. As tufa is light and easily crushed, the grinding 
machinery is cheap. Tests and field experience in massive structures on the 
Los Angeles aqueduct show the tufa cement to be as strong and as satisfactory 
generally as straight cement when used in concrete, and very much cheaper, 
as tufa deposits were found along the line. Generally, it was used in equal 
volumes with Portland cement, mixed by regrinding together.^ Laboratory 
tests over 5 years showed continued increase in strength. 

Alcement (alumina cement)^ hardens more quickly than Portland cement, 
and has very high early strength, so that outlay for forms is reduced, but 
particularly the time of putting work into service is accelerated. The time 
of set is about the same as for Portland, but great strength is immediately 
developed. It is being used at intersections of important highways and 
similar places where it is desirable to put the construction in use the'morning 
following placing, and for repairing Portland cement concrete floors and roads.® 
It has been developed in Europe to be fully resistant to sea water or sulfate 
attack. It costs two to three times as much as Portland cement and is as 
yet limited in production. It cannot be mixed with Portland cement; it 
must be maintained absolutely wet during the setting period — 4 to 12 hr. 
after placing; to avoid shrinkage and development of excessive heat it should 
not be used richer for the mortar part of concrete than 1 cement to 2 sand; 
and the adjoining work and forms should be thoroughly wetted at placing. 
Portland cements are being studied to produce a high ^arly-strength product 
and are now being produced on a limited scale in Switzerland (Holderbank 

“Speciale^O* 

Solubility of Cement. Experiments at the laboratory of the Catskill aque- 
duct, N. Y., showed the Portland cement in lean concrete through which 
fresh (Croton) water had percolated for nearly 2 years was dissolved to such 
extent that the strength of the concrete was only 20 to 35 per cent, of normal 
for concretes of the given age and mixture. The sand was standard crushed 
quartz and the coarse aggregates included glass at one extreme of a series of 
specimens and a soluble limestone at the other. The aggregates were 
unaffected and seemed to have had ho effect on the result. Specimens through 
which the greatest quantity of water had passed were weakest. The propor- 
tions of the concretes were 1:85:6. The pressure tunnels of the Catskill 
aqueduct, on the contrary, showed no effects- of solubility of cement, but 
became tighter year by year (Stebbins). . * 

Concrete specifications are standardized by the work of the Joint Com- 
mittee,* and should be enforced. Under unavoidable circumstances only 
should this praqtice be departed from. Sand used at Glen Lake dam^ was 
not of the desired quality, but satisfactory concrete was produced. Bank- 

; ♦See Proc, A. S. C, E., October, 1924, p. 1154; also Specifications C33~23T (Concrete Aggre- 
gates). C40-22 (Test for Organic Impurities fn Sands for Concrete), and C44- 22T (Rules for Inspec- 
tion and Reinforced Concrete Work), A. S. T. M. 
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run gravel screened down to 6 in, was used on Stevenson dam at a saving of 
$250,000.7 Concreting at Bassano reinforced-concrete dam was not stopped 
until temperature reached --15®F.; water and gravel were heated, and all 
forms were double-boarded.® A culvert on Canadian Pacific Ry. was built 
successfully when temperature ranged from +20 to — 50®F.; see report of 
Committee on Placing Concrete in Winter, reported to Am. Bridge & 
Bldg. Assn.® In cold-weather work, steam pipes under canvas have a tendency 
to dry by evaporation and thus injure the concrete; supplement with or use 
dead , steam, as the setting concrete will not then be robbed of necessary 
moisture (Stebbins). 

Proportioning Concrete.* The Ideal curve of Taylor and Thompson®® 
as a guide for concrete on hydraulic work is limited in application because: 
(1) the percentage of cement has often been fixed by specification irrespective 
of the character of the aggregates (it should not be) ; (2) there are few places 
where more than one source of sand and stone is available, allowing small 
choice in aggregates; (3) grading material by screening the stone into several 
sizes is generally impracticable. The proportion of sand determined by the 
ideal curve must be increased to get a plastic mix. Where watertightness 
is of primary importance, proportion the concrete so tliat the mortar is in 
excess of the voids in the large aggregate by 15 to 20 per cent, (sufficient to 
make the mixture plastic and to compensate for irregular mixing and placing). 
The density test is the most scientific method of determining proportions. 
Make up trial mixtures of the materials to be used, according to the consistence 
intended. The materials are carefully weighed and mixed, and a batch placed 
in an 8-in. wrought-iron pipe 10 in. long capped at one end, and the height of 
concrete noted. Several batches should be tried in which the weights of 
cement and water, and the total weight of aggregates remain constant, but 
the proportion of sand to stone is varied. That proportion is densest which 
gives the smallest volume of concrete. Use the proportion nearest this, which 
at the same time looks well and works smoothly. Measurements on construc- 
tion work show a tendency to run up the proportion of sand, as this facilitates 
mixing and placing. 

Abrams'^ methods are outlined in Bulls. 1 and 3, Lewis Institute Structural 
Materials Laboratory, 1925. f On the Becks Run bridge, Pennsylvania 
R. R., tests undertaken in skepticism gave gratifying results. Proportioning 
on the basis of the fineness modulus, and fixing water content by slump test, 
led to nearly exact predictions of strength of test cylinders. On Newark 
Bay bridge, Jersey Central R. R., the Abrams' method was reported “efficient, 
easy of application, and sure in results." A determination of proportions 
could be made within an hour after receipt of aggregates.!® Time alone will 
indicate the quality of work secured. Concrete for Black Canyon dam,** 
U. S. Reclamation Service, was so proportioned “with epellent results." 
Stebbins insists that no method should be allowed to supersede judgment 
in the control of proportions, for the modulus (f.c., proportions) suitable for 
road work would be too “mushy" for mass concrete, and too “rocky" for 
tunnel lining. 

♦ Sec E. R.y Jan, 23, Feb. 6,* 13 and 27, and Mar. 6 and 13. 1915, articles by N, C. Johnson. 

t “Design of Concrete Mixtures.” 
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- and flow testa are used to measure the consistence or workability 

of epncrete.i 2 in field tests reported to A. S. C, E.,^® a truncated cone 
u^d, 4 in. in diam. at top, 8 in. at bottom, and 12 in. high. I'he cone is 
filled with freshly mixed concrete and inimediately withdrawn. The slump 
is the settlement, in in., of the mass of concrete from its original level at the 
top of the cone. (Consult D62-20T, Vol, 21, Pt. 1, 1921, A. S. T. M., W 
criterions.) Jhe slump at Camden work ranged from 4 to 10 in., with a 
1:2:4 mix, while at Newark Bay, withamixof 1:2. 4:3.6, it ranged fromOto 
8 in., and averaged 3.5. - . 

The flow test requires special apparatus, known as a flow table. This 
test when made in accordance with the recommendations of U. S. Bureau of 
Standards, consists of jigging a cone of concrete on a flow table and measuring 
the increase of bottom diam. of the concrete. The concrete is molded in a 
truncated metal cone with a top diam. of 6.66 in., bottom diam. of 10 in., and 
height of 5 in. The form is withdrawn immediately after molding. The flow 
table is raised | in. and dropped by a cam, 15 times in 10 sec. The flow is the 
ratio of the increase of base diam. to the original diam. Table 292 indicates 
the ranges in field tests for Joint Committee on Standard Specifications.* 


Table 292 




Camden tests 



Newark Bay tests j 

Item 

1:2: 

4 

1:1: 

2 

1:2.4 :3.6 

l:l:3 1 


Slump 1 Flow 

Slump 

Flow 

Slump 

Flow 

^ Slump 

Flow 

Average 

7.5 

85 

8.4 

04 

3.6 

22 


20 

Maximum range 

4.0-10.0 

20-160 


60-138 

ruiigain 

2.5-60 


10-30 

Hange for 80 per cent, 
of tests (that is, ex- 
tremes eliminated).. , 

6.0- 8.6 


7.5- 9.0 

65-115 

1. 5-6.0 

5-42.6 

2. 0-6.0 

12.5-27.5 

Maximum range of 
daily averages 

6.7- 9.1 

38-125 

7.2-10.0 

65-120 

0-6.2 

3.8-40.8 


10-27.5 


Mixing by weight was recommended by Jbhnsoni^ to secure a strong, imper- 
meable concrete for oil reservoir at Three Rivers, Q*ie., as the local sand 
varied considerably in volume with moisture content. A J-cu. yd. batch 
consisted of 3 bags cement, sand weighing 5.04 bags and stone weighing 10.85 
bags of cement — substantially a 1:1.67:3 mix. Water ratio was 0.6; the 
mixture worked well. The composition and the character of the concrete 
were thus made dependable, and forms could safely be pulled earlier than 
usual. 

U. S, Reclamation Service specified for American Falls damf (1924): Only 
sufficient water shall be used to secure a workable mix sufficiently fluid to flow 
properly ipto place with. thorough spading and working and for the heavy part 
of the work no softer consistency than 3-in. slump will be permitted, while the 
reinforced and thin work may go up to 6 or 8 in. of slump. Concrete is to be mixed 
at least H min. . , 

Water* Tests by Abrams^® on different kinds of contaminated water- 
alkaline, sewage* polluted, etc. — ^gave unexpectedly good results. Neither 
odor nor color indicates suitability of water. Use of common salt to lower 
freezing point of mixing water during winter should not be permitted; 5 per 
cent, salt lowers freezing point 6®F., but reduces strength 30 per cent. Increase 
ing the quantity of mixing water reduces strength of concrete. 

I* SeeProu. A. 8, C. P., Oot.»|l924 «nd Jan., 1926. 
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To aecwre good concrete ej^periciice on the Catskill aqueduct points to the 
following requirements: 

(a) Any concrete can be greatly damaged and many times ruined by drying 
during the rapid setting period ; sprinkle with water continuously from initial 
set through the first night and the day following, and then maintain in a moist 
condition for several days; dead steam under canvas completely supersatu- 
rating the air for 3 days is effective, (b) Use plenty of cement; for waterproof 
concrete in cut-and-cover aqueduct not less than 1.4 bbl. (5.6 bags) were 
used per cu. yd.; in pressure tunnel lining, 1.7 (6.8 bags) to 2.0 (8.0 bags); in 
fence posts 2.0 (8 bags). There is a tendency to limit the cement in the 
interests of economy.^' For durability where exposed to atmosphere use not 
less than 7 bags per cu. yd. and pay particular attention to the curing, (c) 
Mix thoroughly, (d) Do not allow separation during transportation, during 
placing, or after placing. Os) Thoroughly spade the concrete both at the forms 
and around all reinforcing to force out all air. (/) Do not use an excess of 
mixing water, or allow the concrete to become mushy in the forms, {g) 
For fine aggregate a mixture of natural sand and crusher grits from hard 
rock was found superior to cither alone. 

Durability of Concrete.* In 1848 the Eric K. R. built Starrucca viaduct, 
using over 1000 cu. yd. of 1 : 1.5: 3.5 Ro&endale cement concrete. F. L. Stuart, 
Chief Engineer, stated that an examination in 1907 showed the concrete in 
good preservation. The Department of Docks and Feriics, New York City, 
has built many miles of Portland cement sea wall, some of it previous to 
1875; it is in good condition, except for about 2.5 ft. near low-water mark, 
where the waves and ice have eroded it slightly. In 1907 D. K. (Colburn, 
Bridge Engineer of Galveston, Harrisburg & San Antonio Railway Co., had 
occasion to remove thejbops of concrete piers built in Medina River in 1881; 
the concrete was found in jicrfect condition. It was composed of a 1:1.66 
mix of Portland cement and irregular flinty pebbles. For exhaustive studies, 
see report on Marine Structures, to National Research Council, by Atwood 
and Johnson, 1924. 

Alkalif has caused deterioration of concrete in irrigation and other struc- 
tures. Alkali in ground water forced drainage measures for Winnipeg aque- 
duct.14 Rapidity of deterioration appears to depend on sulfate content of 
water, according to investigations by Bureau of Standards, Portland cement 
as now constituted is inherently susceptible to attack by sulfates in solu- 
tion.41 On construction of headworks for Lethbridge Northern Irrigation 
District, mixing water was tested with a Jackson turbidometcr, and no water 
containing more than 150*p.p.m. of sulfates was permitted to be used.^a 

Erosion of Concrete by Water.J Observations show: (1) that concrete 
is not injured by clear water gliding over it at high velocities (up to 40 f.p.s.) 
if velocity or direction is not abruptly changed; (2) that concrete subjected 
to the impact of water at high velocities is rapidly eroded.*® Vacuum has 
been known to break down concrete in blow-offs, and in the culvert at Ca}- 

♦ See “Chemical Resistance of Engineering Materials/* by M h Hamlm and P M Turner 
(Chemical Catalog Co , 1923), and Baylis, “Corroeion of Concrete.’* Proc A S C. B.t Apr., 1926, 
p. M9-579. See mso Chap 17, p 375. 

t See also p 376 * 

t Sm alao E N R., Jan 24, 1918, p 173; and “High-pressure Reservoir Outlets,*^ l>. Reolgr 
mation Service, 1928. ■* ^ 
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averas dam, where concrete of high quality was disintegrated and eaten away 
to a serious extent.i^ A water-wheel nozzle, lined by William Mulholland, 
Los Angeles, with Portland cement mortar to reduce the diam., showed all 
the marks of the wooden mandril about which the mortar was placed, after 
several years’ use. Tests by E. C. Clark'* indicated that 1 : 2 Portland cement 
mortar is the best proportion for resisting abrasion, the resistance being 
nearly double a 1: 1 or 1:2.5 mixture; for natural cements, 1: 1 gave the best 
results. The South Canal, Uncompahgre Valley project,* has carried up to 
900 sec. ft., at a velocity of 25 to 30 f.p.s.; it is operated at varying heads 
during each irrigation season. No erosion has taken place in 14 years, and 
no extensive repairs have been required'. At power plant. Strawberry 
Valley project,* Utah, velocities of 30 to 40 f.p.s. have been resisted for 16 
years by a reinforced-coiicrete spillway on a slope varying from 18 to 42 per 
cent, and carrying from 30 to 125 sec. ft. 

The San Fernando open conduit of the Los Angeles aqueduct was designed 
for a maximum velocity of 22.3 f.p.s.'* The blow-off of San Maria Lake 
dam2® under 56-ft. head from two 48-in. pipes tore a lining of i-in. steel plate 
into many small pieces. 

Turlock dam, see p. 192, is submerged by water laden with sand, with a 
drop of about 100 ft.; 18 years’ wear, under velocities as high as 70 f.p.s., has 
had slight effect on the concrete at the base; erosion has been greatest on the 
sand and cement, leaving the greenstone aggregate projecting in spots; i in. 
is the maximum wear. The wear can probably all be laid to the sand in the 
water. A turbulent stream discharging under 60-ft. head at Roosevelt dam, 
through an unlined tunnel, did considerable damage. After, discharging water 
for 6 months through the Pathfinder dam at velocities of 75 to 90 f.p.s., 
marks of the forms still showed plainly on the comjfete lining; a turbulent 
stream through a conduit of nearly double this cross-section, under the same 
head, injured the lining: Concrete sewei inverts in Duluth, Minn., showed 
no deterioration after 20 years, while brick sewers, built at the same time, had 
to be renewed in 6 or 7 years. One drain, 4 ft. in diam., 2000 ft. long, on a 13 
per cent, grade (velocity 42 ft. per sec:), had an invert of flat granite flags, laid 
with 1 : 1 Portland cement mortar. There was a heavy storm flow, carrying 
sand, etc. After 2 years’ wear, the ridges at the joints indicated that the 
mortar was more durable than the granite.*^ 

Tar coating for concrete surfaces^' to prevent erosion by water at high 
velocities was used in the regulating outlets of Arrowrock dam by Construc- 
tion Engineer, C. H. Paul. Diam. of outlets, 4 ft. 4 in. ; surface, 1 : 2 Portland 
cement mortar; velocities of water, 60 ft. To fill* all minute voids, surfaces 
were scraped and washed with grout and then painted two coats of water-gas 
tar and two coats of coal tar. It is important that the water-gas tar be of very 
thin consistence; it can be so obtained if so ordered of the manufacturers, who 
can also supply an oil for thinning, if necessary; success depends upon having 
this tar of a water-like consistence. Both water-gas and coal tars should be 
refined; they may be obtained from Barrett Mfg. Co. Concrete should be 
thoroughly dry when first coat is applied, but water gas may be applied 
without heating; the second coat may follow the first immediately. Both 
V'^l^dnre^poiidenoe with Bureau of Reclamation, U. S. Dept, of Interior. 
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coats of coal tar should be applied hot and brushed out as thin as possible ; first 
may be applied as soon as the water-gas tar has soaked in a little, but second 
should not be put on until first has set. A thick coating is likely to peel and 
run. After a year's trial, these coatings were found to have been thoroughly 
satisfactory. The cost was about cts. per sq. ft. (1915). For 1000 sq. ft. 
there were required: labor, 4^ days at $2.50; 12 gal. water-gas tar and 15 gal. 
coal tar, at 16 cts.; brushes and miscellaneous, $1.43. Price of tar was $4 per 
50-gal. barrel plus freight $4. ' 

Waterproofing Concrete.* Permeability tests^ and studies of concrete 
were made at laboratory of Catskill aqueduct, New York. Permeability 
is subject to accidental variations in a much greater degree than strength; yet 
a study reveals certain governing laws. The quantity of cement used is 
important. Concrete of properly graded natural aggregates containing over 
15 per cent, of cement by weight was found to be practically impermeable 
under heads not exceeding 200 ft. As the percentage of cement was reduced, 
permeability increased slowly until about 11 per cent, was reached, when the 
permeability increased rapidly. Proper grading of the aggregates is another 
important condition. High percentages of line particles produce a decided 
reduction in permeability, while tests with natural sand, of which 25 per cent, 
was finer than 0.01 in. and 10 per cent, finer than 0.006 in. in diam., in a 1:3 
mortar, resulted in practical impermeability. When made from broken stone 
and screenings, concrete is more permeable than when made from gravel and 
natural sand. Sand gave more uniformly dense concrete than crushed stone 
screenings. Concrete is more permeable in a direction parallel to its bed 
than perpendicular thereto. 

Tests on lean concrete mixes for drainage blocks showed that no concrete 
of sufficient strength to be handled in blocks can be depended upon to be 
permeable enough to act as a free drain. Horizontal stratum of relatively 
impermeable concrete is formed at the bottom of the block mold, which should 
be chipped off to obtain the greatest permeability. 

Surface Skin, The dense skin formed by screeding or by casting against 
metal was found by Board of Water Supply tests to have an important effect 
on permeability. { These tests indicated permeability under water pressure 
of 1 : 2.6: 4.9 concrete, 6 in. thick, with the skin intact, to be only 1.2 per cent, 
of that of the same concrete without surface skin; as a resistant, the skin is 
equal to many feet of concrete. With richer concrete this proportion would 
be reduced; nevertheless watertightness depends largely on the continuity 
of the skin. Surface skin produced by troweling concrete as it sets is a great 
help toward waterproofing. Pittsburgh filtered-water reservoir floor has 
two layers of concrete ench 4 in. thick, in blocks lapping 3 in., each surface 
being troweled hard. This reservoir holds 25 ft. of water without measurable 
leakage, although the floor rests directly upon loose, sandy gravel, extremely 
pervious. Rich surface coatings of 1:1 or 1:2 mortar are often applied to 
horizontal or inclined surfaces. Concrete should be surfaced while green 
and the coating troweled in place to produce a thickness of i to 1 in. Heat 

* Much of the following on Waterproofing is from ‘*A Treatise on Concrete, Plain and Hnixi- 
forced/’ T^lor and Thonmson (Wiley, 1916). 

t See "Waterproofing Engineering." by Ross, Wiley. 1919, p. 220. 

i See Moore, /. Atm. Eng, Soc., September, 1911, pp. Ill, 112. 4 
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causes crazing. Such coatings may be good for submerged surfaces of reser- 
voirs. Plastering on concrete, however, is rarely successful unless done 
by specially skilled workmen with faithful attention to numerous details. 
Tests by University of California of cement-gun coat 1 in. thick on Gem Lake 
dam under pressures of 700- to 1600-ft. head for 4.25 and 25 hr., respectively, 
showed neither leakage nor moisture .22 

Rich Concrete, Permeability may be decreased by proper mixing. The 
richest concrete up to a certain point shows the least permeability; mixes richer 
than 1:3 are liable to crack. Permeable concrete tends to become tight after 
the passage of water through it. The mix should be such as to secure dense 
concrete with excess of mortar. Thorough mixing produces a homogeneous 
mass. Wet mixes are tighter than dry, if not excessively wet. Satisfactory 
results have been secured from 1 : 3 to 1 : 6 mixtures. Prolonged and thorough 
mixing is important, but even more important is scrupulous care in placing 
so as to avoid all porous or honeycombed spots. Another very important 
detail is to keep the concrete thoroughly wet from the time it begins to harden 
until it is about 2 weeks old, and to protect it from the hot sun. Concrete 
should not merely be lightly sprinkled occasionally, but thoroughly wet, and 
not permitted to dry out for about the period named,* depending upon tempera- 
ture, humidity, thickness of mass, and other local .conditions. Tests by 
Crook and Faulkner23 led them to conclude that impermeability depends 
upon the curing, regardless of richness of mix or grading of aggregates. Mois- 
ture must be conserved to assure the hydration or crystallization of the 
cement, which cannot proceed when moisture is lacking, and which pro- 
duces crystals, which, in expanding, fill the voids, promoting impermea- 
bility, and, in interlocking, give increased strength. Experiments at 
National Physical Laboratory, England, 34 indicated to Johnstone-Taylor 
that impermeability depends not so much upon richness of mix as upon 
proper proportioning. 

Sylvester^s *^Proces8 for Repelling Moisture ff-om External WalW^ has 
been used some time in England; it was used in United States in 1870 on the 
Central Park gate house.24 

On Strawberry Valley project, vertical surfaces tending to scale were 
subjected to Sylvester process, and horizontal surfaces were brushed with 
paraffin, which was forced into the pores by flashing the flames of a blowtorch ’ 
over the surface.*® 

Concrete Paints.* Linseed oil paints should never be applied directly to 
either new or old concrete. In order to neutralize the lime, 1 lb. of sulfate 
of zinc should be dissolved in a gallon of hot water and sprayed or brushed 
on concrete and then allowed to dry for a few days*. After that a priming 
coat of any good paint containing a little spar varnish may be applied. 

A much better method is to use an acid resin paint as a primer, which 
neutraUzes! the lime directly into an insoluble compound, over which a good 
linseed oil paint may be applied or a good spar varnish paint. 

Great care ihust, however, be taken that only alkali-proof pigments are 
usedi, so that, in cai^ there are any spots where lime may come throu^, the 
pigmeirt is not de^oye^ 

TooIM 
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^ Incorporated Waterproofing. Board of Water Supply* studies were made 
of the effects of various materials incorporated in the matrix of the concrete 
in reducing permeability, including clays, hydrated lime, and puzsolan and 
sand cements, these two cements being more finely ground than Portland* 
The conclusion was reached that concrete, practically impervious under a 
^head of 200 ft., could be produced with any of these materials, but that equally 
good results can be secured at no greater cost by using sufficient Portland 
cement, the latter method having the advantage of increasing the strength, 

‘ while other materials usually reduce it. I. 0. Baker®' says that a safe practiccf 
is to dissolve both the alum and the soap in the mixing water, 1 part alum to 

2 parts hard soap by weight — any reasonably pure soap. As not more than 

3 per cent, hard soap can be dissolved in cold water, the alum is limited to 
1.6 per cent, of water weight. Professor Baker also gives the following 
formula in his “Masonry Construction:^' 1 per cent, by weight of alum is 
added to dry cement and sand; 1 per cent, potash soap or ordinary soft soap is 
dissolved in the mixing water. An insoluble compound results. W. K. Hatt 
has successfully used 5 per cent, solution of alum and 7 per cent, solution of 
soap, in equal parts in mixing concrete. The use of 3 lb. of hydrated lime 
to a bag of cement gave good results on the Baltimore & Ohio 11. 11. Medusa®* 
requires 6 lb. per bbl. of cement. Many patented compounds are on the 
market, claiming that, by addition of 1 to 2 per cent, by weight to cement, i)er- 
meability is reduced Many of these, by test, have proved us(d(\ss or worse; 
chemical analyses show some ingredients to be impermanent arid others 
injurious to concrete. Intelligent selection of aggregates, skilful, thorough mix- 
ing, careful placing, and subscriueut protection from wind and sun, and keeping 
wet for about 2 weeks are the best means for making concrete watertight. 

In general, the use of waterproofing ingredients or applications induces 
carelessness, as contracljor will rely on them to cover slovenly work. It is 
held by many far better to put the value of the waterproofing materials into 
the concrete itself by adding more cement and securing better workmanship.®® 

Membranes.f There are many types, the purpose of all being to furnish 
a cover completely surrounding the structure to be waterproofed. They are 
impregnated felt, laid in several overlapping layers, fastcuied to the masonry 
by bitunjinous compounds. Success depends largely upon the skill with which 
they are applied; continuity of membrane is essential; as the bituminous mem- 
brane is likely .to be punctured, it must be protected on the exposed side by a 
lining, generally of brick. Many have been successfully applied to repair 
leaky concrete standpipes (see p. 635). 

Concrete Surfaces Protected from Chemicals, At the Minneapolis filters,®* 
inside surfaces of chemical-solution tanks are kept well covered with good 
grade of asphalt or graphite paint. Alum solution was decomposing the 
concrete by attacking the limestone aggregate. Graphite paint seems 
to give better service than asphalt. A new paint, “Frost^s Kapak Specifd 
Acid-resisting Paint," appears to give as good results as graphite; it is somch 
what cheaper. InertoU is used on many Imhoff tanks, on the surt$^ 
exposed to sewage. , 


* New York City. 


t Firms sup^^ng membranes include the Barrett Co., Briggs Bitamen Co., 
Cknp.i all of New York. 
t karl Feser, Near York. 
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CYCLOPEAN MASONRY 

'i 

To procure good work, following conditions arc essential: Concrete sKouId 
be mixed very wet and should always be dumped in a low spot on the dam or 
wall so that the water is confined and cannot drain out. If racking is used; 
small rubble walls should be built to confine the concrete. Fine aggrega|e for, 
concrete should not be composed entirely of rock screenings, as this does not' 
make a well-gi’adcd mix, and forms a concrete which is “bony,^^ making it* 
hard to bed the large stones; such concrete does not retain its fluidity. 
suitable quantity of well-graded natural sand should be added to the screen- 
ings. Concrete should be mixed in batches and should be placed as soon 
after mixing as possible, otherwise it settles in the bucket, and is hard to dump. 
Batches larger than 2 yd. are hard to work over and spread. Care should be 
taken to avoid laying stones with concave bods or long flat projections, such 
stones being hard to settle into the concrete, and likely to entrain air and 
water. In Hurren Jock dam, Australia, bond of cyclopean masonry was 
increased by a system of units, cruciform in shape, with area of 1080 sq. ft. 
These units vary in height from 9 to 15 ft., being so arranged that continuous 
units break joint botli horizontally and vertically^® (see also p. 157 for other 
construction experience). List on p)). 161-1()7 includes some cyclopean 
masonry dams. 

Weight of Masonry in Dams. Church and Fteley, in their report on 
Quaker Bridge dam, assume weight of granite masonry at 150.25 lb. per cu. 
ft.; the Board of Experts on this dam assumed 140.25, citing Krantz as using 
143.7, and Bouvier, 147.3. Records from Boyd^s Corners dam gave 146.0 lb.; 
1:3:0 concrete will weigh about 154 lb.; 1:3 mortar, 140 lb. If the masonry 
contains 30 to 40 per cent, granite ^^plCims,^^ 55 to 05 per cent, of 1:3: 6 con- 
crete, and 5 per cent, mortar, it weighs about 157 to* 158 lb.; if 30 to 40 per 
cent, limestone plums, about 149 to 150 lb., depending on the specific 
gravities of the aggregates in the concrete and of ‘^plums’' or large stones, 
and on density of the masonry. Rubbl(‘ in New Croton dam weighs 156.5 


Table 293. Cyclopean Masonry 

Proportion of Largo Stones 


Name of dam 


Boonton ... 

New Croton (south end) 

Cross River 

McCall’s Ferry 

Cataract 

Shoshone 

Roosevelt 

Pathfinder 

Burraga 

Barossa 


Vymwy — , 

Granite Springs 
Ashokan 


GUboa (1:1.9: 5.3) 
Kensica (1:3*6). . 


Percentage of 
large Htone 


50 

50 

34.5 
18 
20 
25 

51.3 

48.5 
33 
14 
54 
65 
30 

7 + 
27.1 


Cement, barrels 
per cu yd of 
masonry 


'6.754’ * ” 


0.71 


0.90 

1.088 

0.837 
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in Sweetwater, 164.0. Cyclopean in Vyrnwy dam weighs 155.0; 
itt & 166.0; and in Sand River, 150.0 lb. In calculations for Olive 

'Bndige dain, cyclopean was taken at 145.5 lb., and in Cataracts^ dam, 14Q. 

r’ ■ .■■■ ■ 

? GROUT* 

ir . ' For Routing dam foundations, tunnels, shafts, and other places, especially 
yirhere cold water under pressure is encountered, a quick-setting cement is often 
Necessary. Grout sets much more slowly than mortar. Portland cements 
endure this severe use better than natural cements because the latt()r cannot 
stand the larger proportion of water. Natural-cement grout has been found 
of a putty-like consistence after several months. Grouting was employed 
extensively on Catskill aqueduct (see summary of experience by Sanborn and 
Zipser, T. A. S. C. Vol. 83, 1920, pp. 980-1080; and articles by Sanborn, 
E,: i?., Apr. 15, 1916 et seq.). Caniff grouting machines are made by Ransome 
Concrete Machinery Co., Dunellen, N. J. 

PUDDLEt 

Puddle is a mixture of clay, sand, and gravel, moistened and thoroughly 
compacted into certain parts of hydraulic structures to prevent seepage or 
percolation of water. Proportions differ with the characteristics of the ingre- 
dients and the details of use. In some places nearly, or quite satisfactory, 
natural mixtures are found; in some instances, mixing is done crudely in the 
trench, in others a pug mill or similar machinery is employed and as much care 
taken as with concrete. It is used as cores in earth darns, on the bottoms and 
slopes of reservoirs where they are pervious, beneath bottoms and on outsides 
of walls of filters and masonry reservoirs. Ingredients should be carefully 
selected and mixture ck^termined by trial. Stories large enough to interfere 
with thorough mixing and compacting must be removed. Use only water 
enough to insure moistening throughout the mass. Clay should not be in so 
large proportion as to make the puddle too slimy or cause shrinkage and 
cracks in drying. Thoroughness of compacting has much to do with preven- 
tion of cracks. Puddle should not be allowed to dry out; if work suffers long 
interruption, puddle should be sprinkled occasionally with water or covered 
with canvas, boards, moist earth, or other protection. In finished struc- 
tures, puddle should be protected by earth, masonry, or stone paving, se that 
it will not be eroded by water, dried out, or exposed to frost. For i\\e Phila- 
delphia filter plants, puddle was made of 1 part plastic red clay from Swede- 
land, Pa., 1 part red clay from Delaware City, Del., and 2 parts sandy gravel 
or broken stone smaller* than J in. in greatest diam. Clay was ground in 
•pug mills to reduce lumps and thoroughly mixed with stone or gravel; water 
was added to make stiff paste. While plastic, it was spread in an 8-in. layer 
on a prepared earth bottom, in large areas, and while drying repeatedly rolled 
with grooved rollers weighing § ton per lin. ft. of roller, until all shrinkage 
cracks were closed; thickness was reduced to 6 in. and two more layers added, 
making to^l thickness, 12 in. Such puddle was very impervious and strong. 
The concrete of the filter bottoms was placed on it. 
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Prof. Carl Hilgardw found that the addition of 0.1 per cent, carbonate of 
soda will make almost any earth available for puddling. When puddle paving 
is used, if sprinkled with saltpeter, KNOs, before rolling, it will not crack nor 
wash off. 

Fanning gives the following formula for an especially dense, strong puddle, 
which will successfully resist water, rodents, and eels: 

In practice, 7 measured cartloads of coarse gravel mixed with 3 of fine 
made about 8 loads, which were spread in 2-m. loose layers in the trench; on 
the gravel, 2 loads of clay were spread, and lumps broken, and on top 1 load 
of sand. Clay loads were slightly smaller than the others. This triple 
layer, thoroughly mixed with a harrow, was then moistened to a kneading 
consistence and thoroughly compacted into a solid mass by a 2-ton grooved 
or ring roller. Such puddle may cost as much as concrete (a larger bulk being 
used) and in most cases would not be as satisfactory. 


Table 294. Gravel-clay Puddle; Proportions of Ingredients 


Materials 

Per cent voids 

Cu. yds. required 

Theoretically 

Practically 

Screened coarac gravel 

28-30 

1 00 

1 00 

Fine gravel 

30 

0 28 

0 35 

Sand 

33 

0 08 

0 15 

Clay . 


0 03 

0 20 

Total materials 


1 39 

1 70 

Resulting puddle 1 


1 00 

1 30 
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CHAPTER 30 


METALS* 

BRONZES 

Sluice Gate and Valve Seats, f Bronzes A and B were used in the sluice 
gates of the Pathfinder and Shoshone dams, U. S. Reclamation Service 
(O. H. Ensign); C and D were used for Catskill aqueduct. These bronies 
have the following approximate compositions in percentages: 


Metal 

Class 1 


£(•) 

cm 

DP) 

Copper 

83.5 

81.8 

82.8 

82.7 

Lead 

8.1 

4.9 

8.0’ 

4.9 

Zinc 

4.5 

6.3+‘ 

4.4 

6.3 

Tin 

4.9 

7.1+» 

4.8 

7.1 

Total 

101.0 

99.1 

100.0 

100.0 


(a) by analyses of test pieces; {h) by specification. To test bronzes A and 
pieces 1 in. wide and 2 in. long were moved backward and forward on pieces 
of opposite composition^ 1 in. wide, with 6-in. stroke, under a load of 3200 lb. 
per sq. in., at planer speeds; no squealing, chattering, nor dust developed 
after several hundred strokes. Catskill aqueduct specifications allowed a 
variation in per cent, of any one ingredient not exceeding 0.75, and required: 
A piece of C bronze, at least 16 in. long and 2 in. wide, finished on one side, 
shall be firmly secured, and a piece of D bronze, 8 in. long, 2 in. wide, similarly ' 
finished, rubbed back and forth along its surface for at least 500 strokes at 
speed of at least 35 ft. per min., the two metals being forced together with 
a pressure of not less than 1000 lb. per sq. in., and the surfaces lubricated with 
water only; neither metal shall be abraded nor cut, nor shall there be any 
chattering nor screaming. Specimens from one melt of each bronze having 
satisfactorily passed this abrasion test and chemical analysis, following 
melts were passed on analysis and behavior during machining. C and D 
bronzes have been successfully made by several manufacturers. Tests were 
usually made in a planer. 

Friction of bronze on bronze^ under high pressures was studied by U. S. 
Reclamation Service. These bronzes have about the composition given ii| 
column A, above. 

The gates tested had been operated previous to the experiment s^ 
intervals of not over 2 months. 

# See al»o ChapB. 15 and 18 and tbd index. 

t Bee also pp. 436 and 454. 

: ^ ■■ 
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Table 295 . Friction Tests, Bronze on Bronze ' 


Item 

Pathfinder 

ArrowTock 

Elephant 

Butte 

Size of gates (larger dimension vertical), 
feet 

4.42 X 7.5 
127 

16 • 

14 

0.42 

0.44 

0.29 

0.31 

5 X 5 

48.5 to 54.8 
10 

11 

0.31 

0.42 

0.29 

0.34 

3.92 X 5 
107.3 

5.2 

4.2 

0.336 

0.383 

0.254 

0.268 

Head on center of gates, feet 

Average time of opening, minutes 

Average time of closing, minutes 

Friction coefficient: 

Average for opening stroke 

Maximum for opening stroke 

Average for closing stroke 

Maximum for closing stroke 


« Manganese bronze2a is. a brass, the manganese being simply a deoxidizing 
agent; the alloy often contains but traces. Its strength, ductility, and resist- 
ance to water give it a wide field of usefulness; it has replaced aluminum 
bronze in many uses ^ Trouble has been encountered with rolled and extruded 
manganese bronze due to cracks from high internal stress. Bronze bolts, 
subject to fatigue failure, if overstressed in assembling, should not be used in 
vital places.3 Board of W ater Supply specifications provide : 

All forged, rollecl, or extruded bronze shall be sulijoct to test with a scleroscope, 
and if a hardness is found materially exceeding that typical of hot-worked metal, 
the bronze shall be rejected or annealed promptly, as directed. 

The strength requirements are : 



Minimum requirements 

Castings 

Forgings (a) | Forgings (b) 

Ultimate strength, pounds i)or square 
inch 

65.000 

32.000 

25.0 

70.000 

35.000 

28.0 

80,000 

40,000 

22.5 

Yield point, pounds per square inch .... 
Elongation, per cent 


Provision {h) was adopted in 1922 to secure a stiffer stem and one less likely to 
grind in the nut.^ Welding or burning for patching imperfect castings is 
prohibited; there arc few if any burned castings which have not cracked; 
some cracks have not developed for years.3 Chemical properties are not 
specified in recent contracts. See also specification B17-14, A. S. T. M. 

Cracking of Brass and Bronze. Pipes, tubes, bars, bolts, rods, plates, and 
wires of common brass, manganese bronze, and naval brass sometimes crack 
where not under external stress and for no apparerpt reason. The cause, so 
far as now determined, commonly is: too severe cold drawing in finishing, 
improper heat treatment, or lack of annealing, or wrong methods of final 
fabrication. Such cracking rarely develops within a month of manufacture, 
and may not appear for several months or even years. These defects should 
be guarded against for important uses. In the present state of the art, the 
only safeguard seems to be insistence on the products of reliable manufac- 
turers, and having all work, especially such as involves any heating or deform- 
ing of the metal, done only by persons experienced and skilled in the particular 
kind work to be done. This defect can be detected by methods described 
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in B21-19, A. S. T. M. Exposure to extreme cold, as during a winter, expedites 
the cracking. Manganese bronze, naval brass, common, and other brasses 
must be used with caution, in rolled, drawn, and similar forms. Castings of 
these alloys, so far as known, are subject simply to the usual mishaps of the 
founders' art, and are useful for many engineering purposes.* 

Failure of brass service pipes at Pittsburgh is laid to electrolytic action, 
caused by a mixture of copper, lead, and zinc which is not complete and homo^- 
geneous.^ Tobin-bronze filter plates in Minneapolis failed to such an extent 
as to require replacement with Monel metal.s 

Monel metalf is a natural nickel-copper alloy produced from ores of the 
Cobalt, Ont., district. Its three important mechanical properties are incor- 
rodibility, toughness, and retention of strength at high temperatures. It is 
used in valve parts for high-pressure fire service in Boston,^ for pump rods 
and liners by U. S. Navy, for chlorine machinery, etc. It has a coefficient 
of expansion of 0.00001375 per 1°C.; modulus of elasticity, 23,000,000 to 
24,000,000; yield point, casting specimens, tension, 37,000; ultimate tensile 
strength, 72,000. It is more difficult to melt, cast, and machine than the 
brasses and bronzes. 

Gaskets for Flange Joints. For bronze flanges under great pressure where 
durability was essential, soft lead wire gaskets were adopted on Catskill aqiKi- 
duct. Table 296 gives results of some, tests. '‘Knduro" and Velumoid"' 
paper gaskets have also been used successfully. 


Table 296. Lead and Copper Wire Gaskets : Compression Tests 


Material 

Initial 

diam. 

in. 

Length, in. 

Load, lbs. 

Final 

thick- 

ness, 

in. 

liemarks 

Initial 

Final 

Initial 

Final 

Lead 

Lead 

Lead 

Lead 

Lead 

Annealed f 
Copper 1 

0.387 

0.500 

0.382 

0.383 

0.499 

0.311 

0.311 

5.0® 

5.0 

5.0 
2.47 
2.50 

5.01 
5.0 

2.52 

2.G7 

2,310 

2,970 

2,300 

1,000 

1,500 

3,490 

8,000 

10,150 

20,600 

10,000 

14.000 

12.000 

70.000 

64.000 

0.260 

0.253 

0.253 

0.253 

0.262 

0.253 

0.260 

Down flat 
Down flat 
Down flat 
Down flat 
Down flat 

Each load 
(5 to 8 loads) 
on 1 tain. 


Corrosion. Bronzes arc but slowly affected by ordinary conditions of 
earth or atmosphere. Evidence is afforded by numerous objects colhjcted 
among the ruins of ancient cities in various parts of the world, many having 
inscriptions still legible, although they have been exposed to air and moisture 
for more than 20 centuries. A great quantity of prehistoric bronze axes, 
knives, etc., in good preservation, have been taken from lakes in southeastern 
France. Modern bronzes have apparently the same freedom from corrosion 
under ordinary conditions. Manganese, Tobin, and phosphor bronzes are 
little affected by sea water and have proved satisfactory where brass and steel 
have proved useless. Bronze in the gates of the Old Croton aqueduct, in 
service since 1842, so far has been unaffected. No trouble has been expe- 

♦ For many years, brass founders have repaired defects in brass and bronze listings by '^burning 
in ” or other process of welding Some recent experiences demonstrate that such repairs cannot be 

f )erniitted on hollow castings to contain water under pressure. If made by a man of rare skill atid 
ong experience, the repairs may be successful, provided due regard is had for all the conditions jin 
each case. 

t Produced by International Nickel Co., New York. 
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lienced from corrosion of bronze in stopcocks or hydrants in Croton Water- 
works, New York City. 

Tests by Board of Water Supply.* Alloys embedded in moist earth *6 
months all showed more or less corrosion. Embedded partially in concrete 
and submerged in Esopus Creek, rate of corrosion was | in. in about 1100 to 
4600 years. Experiments at Buenos Aires^ with city water which contains no 
unusual constituents and is slightly alkaline due to bicarbonates showed that 
typical brasses and bronzes immersed for 702 days suffered a loss of weight 
from 14 to 19 milligrams per sq. cm. 


CORROSION OF METALSf 


Copper oxidizes very slowly in the atmosphere, being covered with a 
film of carbonate, commonly called ^‘verdigris,^^ forming a protective coating, 
which, however, erodes or is slightly solvent in the weather. 

Tin is unaffected by corrosion in the air, beyond the formation of a thin 
film on the surface. 

Zinc is easily acted on by moist air; a film of oxide is soon formed, however, 
which protects the metal. If the moisture of the atmosphere contains acid, 
the zinc may be destroyed. 

Lead.l The chemical properties of lead are petJuliar and present some very 
remarkable contrasts. While it resists sulphuric and hydrochloric acids in 
a far higher degree than iron, zinc, or tin, it is readily attacked by weak organic 
acids, and is slowly dissolved even in pure water containing air. It is" soon 
extensively corroded when exposed to moist air in the presence of carbonic 
acid. Lime mortar, lime putty, and lime water will attack lead; if the mortar 
is very alkaline, the effect will be greater. John Newman® reports an instance 
of lead pipe embedded in cement found deeply corroded; the action was 
destructive near the end of the pipe next to a basin, diminishing as the pipe 
receded from the water; the same authority gives several cases of damaging 
corrosion of lead jiipc from contact with mortar or cement. A weighed sample 
of lead immersed 8 days in water seeping through concrete walls in a tunnel 
under sea water, at New York, was taken out daily, washed, dried, and 
weighed; progressive corrosion took place, amounting to 0.132 per cent., or at 
the rate of G per cent, per year. In a bath establishment, two lead pipes pass 
through a concrete floor, a layer of asphalt, and tile embedded in cement 
mortar; one pipe for hot and the other for cold water; the room temperature, 
practically constant throughout the year, was 80®F. Water, high in free 
carbonic acid, lime and magnesia, was freely used on that floor; the lead pipe 
for hot water was corroded completely off in 5 to ^10 years; the cold-water 
pipe was deeply corroded; no probability of electrolytic action existed. In 


♦ gee Annual Reports, 1908, 1909. 

t Literature on oorrosioii is extensive. National Research Council, Washington, has a cooper- 
ative committee studying the subject comprehensively, which has compiled a selected bibliography. 
See, **.Tne Corrosion of Metals,” by Ulric R Evans (Longmans Green, 1924); and “The Corrosion 
of Iron/' by j. Newton Friend, Iron and Steel Institute, Carnegie Scholarship Memoirs, Vol. 11 
(Spon, Lonaon and New York, 1022). The latter summarises knowledge to date. Thelabraiydf 
Queen's University, Toronto, published a bibliography of 2000 references in 1923. TheMellon 
Inetitttte of HttHourgh has prepared a bibliography of the literature pertaining to corrosion. A 

3cil of the A. W. W. A. has also reported on corrosion, and 

‘ ‘ ' i Chemicid 

Nati^ 
kny* Inc. 

"i'irm? lead iordoei, »ee p, 587. 


oomi^ttae of the gtandardiiation Council 




' metals ‘ .:.;i^t 

186(^1861 a portion of St* Petersburg* was served by a system of lead inaim; 
M iO/to 15 years these pipes had become so damaged by corrosion as to neoifr 
sitate extensive changes; the trouble was attributed to a local peculiarity ot 
soil, the exact nature of which was never ascertained. In ordinary atmoil* 
pheric corrosion, lead is one of the most durable of the common metals, under- 
going no change in dry air or in water perfectly free from air; it is only slightly 
affected by hard waters or dilute solutions of either hydrochloric or sulphuric 
acids; but is readily dissolved by water high in nitrates and by dilute nitric 
acid; waters which actively corrode lead are those with a slightly acid reaction, 
from peaty swamps; soft waters are particularly unsuited for conveyance in 
lead pipes. If exposed to clean, soft water containing the normal quantity 
of dissolved oxygen, the lead is oxidized to hydroxide, which dissolves; the 
waters which act least on lead are those which contain carbonate of lime, phos- 
phate of lime, and, in a less degree, sulphate of lime. Newman quotes various 
experiments to show that lead water pipes should be kept full of water all the 
time to prevent deterioration. Since lead acts as a cumulative poison, its 
salts produce serious results if taken into the human system even in very 
minute quantities for a length of time. 

Under whatever conditions lead withstands water or acids, bronzes are 
similarly unaffected, while under other common conditions in which bronzes 
are practically untouched, lead would be destroyed. Lead-lined cast-iron 
pipe has been destroyed by well-defined electrolysis, and in these cases the 
lead was eaten through as well as the iron (or steel). I^ead affords doubtful 
protection to iron or steel water pipes and under some conditions might prove 
a disadvantage. The coefficient of expansion of lead is 2,5 that of steel; 
hence it is questionable, whether in large pipes or specials, lead lining would 
remain in absolute contact. The high specific gravity of the lead, coupled 
with its great expansion, confers a tendency to work downward if in a vertical 
or sloping position. If water finds its way between the steel (or iron) and the 
lead lining, lead being electropositive to steel, energetic galvanic action and 
rapid corrosion of the pipe metal would follow. 

Tests at Purdue University^ on self-corrosion of lead cable sheatlis indi- 
cated that most important cause was organic matter in soils, producing acids 
on decomposition. Alkalies, limestone, concrete, gypsum, etc., accelerate 
corrosion. Order of decreasing corrosiveness was found to be muck, cinders, 
sand, and clay. Tin-lead alloy appears more resistant than pure lead. Corro- 
sion may be prevented by enclosing lead pipe in a clay duct. ’Use of concrete 
or untreated wood in contact with the lead should be avoided. 

Corrosion of iron and steel is the subject of various debatable theories 
(see Marks, '"Mechanical Engineers' Handbook" (McGraw-Hill Book Com- 
pany, Inc.,^ 1923), p. 687, and footnote on p. 808.) Bureau of Standards^® 
is studying corrosion of underground pipes. Studies of 900 specimens in 
1924 indicate that initial corrosion of iron and steel is rapid in certain soils in 
the South and Southwest. 

Dissolved oxygen is held largely responsible for the corrosion of con 
iron and steel by ordinary water. This gas becomes more active; 
temperature rises. Corrosion will be reduced by removing f he 

‘ ♦ yetrogi«d/ iiow LeniB^^ 
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oxygen and preventing its reentry. Deactivation may be accomplished by 
chemically fixing the oxygen by contact with a mass of iron or steel, with 
about 65 sq. ft. of surface per cu. ft. of tank space, 2^ or by driving off the 
entrained and dissolved air by heating, or by a combination of the two methods. 
The Kestner “degasser’^ is based on the first principle, water passing through 
a two-compartment chamber, where the flow may be diverted to either cham- 
ber or reversed in direction, to afford means of cleaning the corrosion from the 
expander. Cheap metals used in the degasser save about five times their 
weight of more expensive metal in the pipes, etc.^i The “degasser^' is 
commonly used prior to boilers, and in connection with the Kestner con- 
tinuous feed treatment and blow-down system. See “Control of Corrosion 
by Deactivation of Water, by Speller, J. Franklin Inst., April, 1922; and 
“Corrosion*' by Speller (McGraw-Hill Book Company, Inc., 1926). 

Alkalinity, In natural waters, over a fairly wide range, variations in 
hydrogen-ion concentration have no effect on rate of corrosion. Total acidity 
may be more important than actual pH value^^ (contradicted by Speller 
J. A, W. W, A.y Vol. 12, 1924, p. 419. Ind. Eng. Chem., Vol. 16, April, 
1924, p. 393). Studies by Speller and Texter^s on corrosive effect of alkaline 
solutions on steel pipe indicated that, after a protective coating of ferric 
hydroxide is formed, alkalinity has an inhibiting effect, and that this film is 
a larger inhibitive factor than the decreased hydrogen-ion concentration. 
The protective film will not last long when alkali-free water is again run 
through the pipes. 

Experiments at Louisville*^ indicate that removal of suspended matter by 
filtration, without use of coagulants, accelerates corrosion 100 per cent., 
showing that river silt acts as a preservative of iron when the water contains 
free carbonic acid and oxygen in solution. It is supposed that this preserva- 
tive action is effected by mixing of suspended particles wdth ferric hydrate of 
iron, thus shielding the surface of the metal where corrosion is taking place. 

Cast iron rusts slowly in air or in fresh water, but is rapidly corroded in 
salt water (see p. 418), in which it gradually becomes soft.* Mallet*® found 
that the rate of corrosion decreased with the thickness of the casting, being 
from 0.1 to 0.4 in. in depth during a century for castings 1 in. thick. Under 
some conditions, cast irons differ greatly in resistance to corrosion. Foundry 
“skin** of natural surface is highly resistant compared with machined surface. 
Old cast-iron pipes, taken up or cut into from time to time, are found in good 
condition in many localities; old pipe thus removed is often in good enough 
condition to be relaid. Gas companies in New York have had practically no 
trouble from the corrosion of cast-iron pipe except to a limited extent along 
the river front. All mains are now of cast iron . Experience with wrought-iron 
and more particularly with steel pipe has been unsatisfactory on account of 
corrosion. Much depends on local conditions, coating, carefulness in con- 
struction, etc. At Rochester, N. Y., no rust leaks had occurred in a cast- 
iro^^onduit 14J mi. long after 32 years* service. During the same period 
in ^S^ought-iron conduit 13 mi. long, there had been seven rust leaks, whereas 

in 4^»Ja.rallel steel condidt 29 mi. long, given the best protective coatings then 
Sletf . 

"Qraphitio Corrosioli of Cmit Iron,** by J. Vipond Davies, Publ. 6, Engineering Foundation, 
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known, passing through the same kind of soil and thus subjected practically 
to the same conditions, there were 164 rust leaks in 16 years, or one-half the 
period of service of the cast-iron conduit. 

Experience seems to show that cast iron resists corrosion better than either 
wrought iron or steel. Cavallier, director of foundries at Pont-a-Mousson, 
France, mentions an intake pipe at Paris, extending into the river Seine, laid 
in 1802. Taken up after more than a century of immersion, it was found to 
be in fine condition. The same authority reports that the fountains at Ver- 
sailles are supplied through cast-iron pipes laid in 1685.16 For external corro- 
sion, see A, C. E., Vol. 78, 1915, p. 806. 

Cast-iron pipe laid in Philadelphia! ^ in 1827 was still in serviceable condi- 
tion when removed in 1915. Analysis of incrustations: iron oxide (Fe203), 
77.40; sand (insoluble matter, Si02), 7.85; moisture, 2.16; volatile matter 
(organic), 11.95; total, 99.36 per cent. 

Tropics.18 Many years of observation in tropical climates show that iron 
and steel, when not in contact with the earth, remain remarkably free from 
corrosion. This is especially so in the Amazon Valley. On the Madeira- 
Mamore R. R. rails (probably iron), manufactured in Belgium in the early 
sixties of the past century, as well as machinery and locomotives, were remark- 
ably free from corrosion after more than 40 years even where overgrown 
with vines and brush. The rails still showed furnace scale on the web. Some 
rails that were lying on the rock bottom of tlie river, submerged half of the 
year, and exposed to the air the other half, showed very little corrosion. 

Ingot iron.!® Corrosion tests by Am. Ry. Eng. Assn, showed it substanti- 
ally as corrosive as cliarcoal iron or Carnegie open-hearth steel, when subjected 
to corrosive influences of four test mediums: sand, alkali soil, clay soil, and 
cinders. 

Wrought-iron bolt» and iron work in foundations of Third Ave. bridge, 
New York, put in before 1860 were taken out in 1894 in perfect condition, grease 
being stiU on the threads, continuously submerged in salt water. Nuts were 
easily started with wrench (J. B. Goldsborough) . Wrought-iron bearing piles 
submerged 23 years, in brackish water, exposed to sea air, Ozama River bridge, 20 
Santo Domingo, were ‘^lardly damaged^' when removed from the bridge. 

Corrosion of Steel Pipe.* Electrolysis occurs as a natural process in buried 
iron or steel pipes inadequately protected, if the ground conditions afford 
media for solution and electrolytic conduction (see also p. 428). The presence 
of minute amounts of soluble salts in wet soils may lead to destructive electro- 
chemical action. In the Rochester pipe line, soil conditions played a leading 
part in corrosion. The damage was confined to very wet soils. A portion 
of the Portland, Ore., steel pipe laid in trench entirely in sand in the river 
bottom was found in excellent condition; in wet clay the pipe was much 
pitted and rusted. The Atlantic City 30-in. steel main illustrates the fact 
that earth and water of salt marshes are actively corrosive to buried metallic 
structures; the soil was very acidulous. When clay soils are impregj 
with salt or lirackish water, they are much more corrosive than sandjl 
similarly situated. At New Bedford, Mass., a steel pipe passes thi 
2 mi. of peaty swamp. Gravel was hauled in to use as pipe covering; 

♦ See also p. 764. 



ha« been no trouble from corrosion. Peat is considered non-corrosive by 
some authorities. Peat may be corrosive or non-corrosive, depending upon 
its acidity or alkalinity. At Cambridge, Mass., the greatest damage was 
done where the soil was a moist sandy clay. ? Experience seems to show that 
both wrought iron and cast iron resist corrosion better than does steel. 

Authorities differ as to relative corrosion of wrought iron and steel in house 
vents* and drains. Investigation in Chicago^i in 1918 of installations in 
service 20 years disclosed wrought iron 20 per cent, destroyed, cast iron, 
25 per cent., and steel, 90 per cent. Similar results* were obtained by 
Gerhard2.2 from study of vents on 98 buildings in New York City. But Speller 
and Walker, 37 f from studies at Boston, conclude that well-coated steel pipe is 
more durable than wrought iron. At Bangor, Pa., 23 30-in. steel pipe, iV 
in. thick, exposed to ice and floods, lasted 22 years. 

Steel dam at Ash Fork, Ariz.,24 was well preserved after 27 years. J Origi- 
nal coating was two applications of dry red lead and boiled linseed oil. 
Repainted twice in 18 years, each time with one coat of Dixon graphite. 
‘^Aquatite” applied in 1923. t 

Composition of water will affect rate of corrosion. Steel-needle nozzles 
in hydroelectric plant of Aomori Electric Co. ,25 Japan, were eroded to a 
depth of J to 1 J in. behind the entire circumference of the bronze insert, due 
to chemical composition of water, which contained 100 mg. of SO3 per L. 
Bronze casting substituted. Steel is eroded by high-velocity water. Water 
screened to contain less than 0.1 per cent, solid matter, extensively eroded 
in 18 months nickel-steel needles, valve seats, and buckets in power house 2, 
Southern California Edison C0.26 Flow was about 80 cfs. under 1960-ft. head. 

Preventing Corrosion of Iron and Steel. § Mortar and Concrete, Concrete 
is not an electric insulator; a small fraction of an ampere of electricity will 
corrode steel embedded in concrete and disintegrate the concrete. In sea 
water concrete offers less resistance than in fresh. 2 7 Conclusions from 50 tests 
of electrolysis by Institute of Industrial Research, Washington, 3i on painted 
steel rods in 1 ; 2 Portland cement mortar. 

Corrosion of metal embedded in concrete structures, by stray currents of 
high voltage, is often productive of serious effects. Use of properly made 
paints upon such metal constitutes a safeguard that should not be neglected. 
Such paints may be prepared from the following substances: The vehicle 
should contain: (1) boiled or bodied oils or products which dry to a fairly 
saturated film; (2) oils which dry by semipolymerization rather than oxidation; 
(3) oils which dry to a flat rather than a highly glossy surface. The solid 
portion should contain a percentage of: (1) pigments which are coarse and 
which, therefore, tend to form films having a rough surface; (2) pigments 
which are inert and which do not act as conductors of electricity; (3) pig- 
ments whi<^ are either basic or of the chromate type. The painted metal 
should be sanded ^Mf possible. V 

^n^ exainination of Bryn Mawr siphon, Catskill aqueduct, after 7 years, 
protection of the steel by the concrete lining.32 

Irdm Alfcdskimt T<ipeka and Santa F6 Rv. 

w by W. Q. Atwood and A. A. Johnson (Nationtd Ri»earoh 



METALS 

iron embedded in fresh rusts rapidly;* in pure cement it reniains 
unnisted, even- when kept under water .28 A piece of iron in a sandstone 
masonry pedestal about 200 years old was badly rusted. A piece of cast 
iron from the Tower subway shell, London, cut out after 16 years, was in good 
condition. It had been coated with coal tar, with an outer coat of hydrated 
lime.28 In a steel vessel, after 10 years^ use without care, it was found that 
the unprotected floor in the boiler space was completely gone; under the 
boilers, where there had been a coating of practically pure Portland cement, 
the shell and angle bars were found in absolutely perfect condition.®® A 
standpipe and tower at Louisville, after 21 years were in a badly rusted condi- 
tion; they were cleaned and coated inside with 1:1 Portland cement mortar. 
Cleaning and coating were done in 8 hr., water being pumped the other 16. 
After some trouble, pipe was Anally coated in a satisfactory manner .3® C. 
Hermany says that this standpipe blew' down in March, 1890; cement lining 
was in perfect condition and rust action completely stopped. Cement 
paint is largely, used by railways in France on bridges, the iron being brushed, 
dampened, and given two coats of cement and sand. Dr. Goslich states that 
iron spirit tanks, painted inside with Portland cement, are universally 
employed in- European distilleries.®^ L. L. Buck argues that limestone 
aggregate should not be used in concrete which is to come into contact with 
steel, as a soluble stone in contact with the steel may be reached by the water, 
and a cavity J to J in. deep formed.®® 

Treatment of Water, f In incrustations of water mains at Colombo, 
Ceylon,38 1.5 to 8.0 p.p.m. iron (ferrous and ferric), sulphur, and iron bac- 
teria as Leptothrix ochrea are present. Chlorine up to 5 p.p.m. and lime up 
to 4 g.p.g. killed bacteria but only treatment by coke filters, sedimentation, 
and slow sand filters stopped incrustations. 

Galvanizing. Specification y North Jersey District Water Supply Comm. 
After being thoroughly cleaned and dried, articles shall be acceptably coated 
with zinc, which shall uniformly cover all parts so as to weigh not less than 
1| oz. per superficial sq. ft. All faces shall be measured in determining the 
superficial area. Coating shall be free of buckles, blisters, or other defects. 
All articles shall be fabricated as completely as possible before galvanizing. 
Except where permitted in si)ecial cases, hot process or Sherardizing shall 
be used. Galvanizing shall be of such a quality as to endure at least four 
consecutive immersions of 1 min. each in a solution of copper sulphate crystals 
having a sp. gr. of 1.185 at 70°F. For method of determining weight of coat- 
ing, see Specification 90-23T, A. S. T. M. 

A steel signal tower at Iloilo,®* P. I., exj>osed to seashore influences sufficient 
to cause J-in'. scale on reinforcing bars exposed less than 1 year, and where 
paint applied in three coats had to be renewed in 1 to 2 years, galvanized 
after members had been cut and punched, showed no rust after 12 years. 
Galvanized bolts were used instead of rivets. High first cost. 

Gerhard22 found on roof vents that galvanizing afforded less proteAan 
to steel pipe than to wrrought-iron on account of the smoother surface 
former. 

Not borne out by other obBeryations. 
t See ako pp. 661 and 670. 
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Coatings (see p. 815). Paviting Steel Work, A good paint for the first 
coat consists of 20 lb. of red lead and 1 lb. of lampblack in about 3 qt. boiled 
linseed oil, the red lead and lampblack being ground in. This will suffice to 
cover 50 sq. yd. For the other coats some durable oil or asphalttim paiiit 
should be used. For painting iron or steel work a good formula is: one coat 
red lead in oil, one coat elastic paint, one coat or more of desired color contain- 
ing ziiic oxide (40 per cent.), lead oxide (50 per cent.), and asbestos filler 
(10 per cent.). When repainting, all metal surfaces should first be carefully 
cleaned by a sand blast or by steel brushes and scrapers (good scrapers can 
be made by drawing the temper from old files, and sharpening like chisels). 
Rust spots should be removed even if considerable time be required, for if 
such spots are covered by paint, corrosion will still continue underneath and, 
as the rust swells, it will blister and push off the paint. Paint will harden 
better if applied when the metal is warm, and in any event the metal should 
be thoroughly dry. A steam hose is useful for drying steel work. 

If the steel is coated with a paint which dries to a flat and fairly saturated 
film by semipolymerization, the pigments of which are either basic or of a 
chromate type which is inert and a poor conductor, Gardner^i reports that 
the corrosion need not be serious. 

Tests by Paint Manfrs. Assn., of U. S., on 3 years exposure on metal, 
showed equal durability for brush and spray coats. Practically all paint 
and dip coatings tend to act as osmotic membranes and so, by the establish- 
ment of acid-alkali cells, tend not only to hasten corrosion but also to accelerate 
their own destruction .32 
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CHAPTER 37 


CAPACITY AND CONVERSION TABLES* 

QUANTITY OF WATER 

Galloiij. New York Statute measure (1829) = 8 lb. of distilled water or 
221.184 cu. in., with barometer ‘at 30 in., and temperature, 39.83®F. The 
legal gallon of United States is the old British wine gallon, containing 231 
cu. in., being the contents of a cylinder 7 in. diam. and 6 in. high; it con- 
tains 8.3389 lb. of water at maximum density, weighed in air at 30 in. mercury 
pressure, and 62®F. Also = 0.1337 cu. ft. = 0.8327 imperial gal. 

Imperial gallon contains 10 imperial lb. of distilled water at 02°F. weighed 
in air of the same temperature, and with barometer at 30 in. 1 imperial 
gal. = 1.200 U.S. gal. - 277.27 cu. in. = 0.160 cu. ft. 

1,000,000 gal. = 3.07 acre-ft. 

1,000,000 cu. ft. = 22.95 acre-ft. 

Hogsheads, HiirsPs rule. Capacity in U. S. gal. = 0,i)i)l7l{P+my\ where 
P = product of inside diam. at the heads, in.; for equal diarn., «/, P = 
m = inside diam., in., at the bung. I = length, in., between insides of heads. 

1 ton of water (2000 lb.) = 240 gal. ± . 

1 drop water, 4°C. or 39°F. = 1 Til (minim) (IT. S.) = 0.0616 c.c. == 
0.00376 cu. in. === 0.0000162 gal. Experiments by E. G. Bradburyi indi- 
cated that 16,000 drops of water from metallic surfaces are approximately 
equal to 1 gal., a sonfewhat larger volume per drop than given by Kuich- 
ling, who found 1 drop per sec. eciual to 3 gal. per day. 

RATES * 

1,000,000 gal. daily (mgd.) = 1.547 cu. ft. per sec. = 694.44 gal. per min. 

1 drop (Til), or 1 minim, per sec, = 1.40 gal. per day. 

1 sec. -ft. or cu. ft. per sec. (cfs.) == 448.8 gal. per min. = 1 in. (roughly) 
per acre per hr. = 646,272 gal. per 24 hr. = 38.4 Colorado miner’s in. =■ 
50 Utah or Nevada in. 40 California (Law of Mar. 23, 1901) or Arizona 
in. = 1.98 acre-ft. in 24 hr. = 59.5 acre-ft. in 30 days = 724.5 acre-ft. in 1 
yr. = 1 acre-ft. in 12 hr. 6 rnin. = 86,400 cu. ft. in 24 hr. = 0.6463 17 mgd. 

1 sec.-ft. for 1 yr. = depth of 13.572 in. on 1 sq. mi. 

1 in. of rainfall per month (30 days) = 0 . 8962 cfs. per sq. mi. == 0.5793 
mgd. per sq. mi. 

1 cu. ft. per sec. per sq. mi. = 1. 1 15 in. of rainfall per month. 

1 mgd. per sq. mi. = 1.726 in. rainfall in 30 days = 1.55 sec.-ft. per sq. mi. 

1 mgd. per acre == 0.000000247 sec.-ft. per sq. in. = 990.22 sec. f^^per 
sq. mi. . . 

1 in. on 1 acre = 27,154.3 gal. = 3630 cu. ft. == 0.0833 acre-ft. 

1 acre-ft. = 43,560 cu. ft. = 325,850 gal. 

For more complete tables, see Hering's “Conversion Tables" (Wiley) and Trautwtne’s * 
neers" Pocketbook'^ (The Trautwine Co.). , 
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wA^simomcsm^^ 

1 in. on 1 sq. mi. » 17.379 million gal. « 2,323,200 cu. ft. * 63.33 acre- 
ft. «= 0.0737 sec-.ft. per year. 

1 in. per hr. on 1 acre =» 0.652 mgd. == 1.0086 cfs. =» 2.0 acre-ft. per day. 

1 in. per hr. on I'sq. mi. = 417.15 mgd. = 645.333 cfs. * 1280 aore-ft. 
per day. 

1 in. per month (30 days) on 1 sq. mi. — 0.8962 cfs. per sq. mi. * 0.579 
mgd. per sq. mi. 

1 in. per sq. mi. per day = 26.8889 cfs. (nearly 27). 

Miner’s inch is defined as the quantity of water that will pass thorough 
an orifice 1 sq. in. in cross-section under a head given in various localities 
as 4 to 6J in. to the center of the orifice. In states where the miner^s inch 
is defined by statute, it varies from to g-V cu. ft. per sec. It is going out of 
use, being superseded by cu. ft. per sec. and gal. per min. 


Table 297. Converting Discharge in Second-feet per Square Mile into Run- 
off in Depth in Inches, over the Area^ 


Discharge in 
seo.-ft. per sq. mi. 

Run-off in inches ^ 

1 day 

28 days 

29 (^ys 

30 days 

31 days 

1 

0.03719 

1.041 

1.079 

1.116 

1.163 

2 

0.07438 

2.083 

2.157 

2.231 

2.306 

3 

0.11157 

3.124 

3.236 

3.347 

3.459 

4 

0.14876 

4.165 

4.314 

4.463 

4.612 

5 

0.18595 

6.207 

6.393 

5.578 

6.764 

6 

0.22314 

6.248 

6.471 

6.694 

6.917 

7 

0.26033 

7.289 

7.650 

7.810 

8.070 

8 

0.29752 

8.331 

8.628 

8.926 

9.223 

9 

0.33471 

9.372 

9.707 

10.041 

10.376 


Note. For partial month, multiply the values for 1 day by the number of days. 


Table 298. Converting Discharge in Second-feet intOi Run-off in Acre-feet^ 


Discharge in 
seo..-ft. 

Run-off ID ncre-ft. 

1 day 

28* days 

29 days 

30 days 

31 days 

1 

1,983 

55.54 

57.62 

59.50 

61.49 

2 

3^.967 

111.1 

115.0 

119.0 

123.0 

3 

6.950 

166.6 

172.6 

178.6 

184.6 

4 

7.934 

222.1 

230.1 

238.0 

246,0 

6 

9.917 

277.7 

287.6 

297.5 

307.4 

6 

11.90. 

333.2 

345.1 

357.0 

368.9 

7 

13.88 

388.8 

402.6 

416.5 

430.4 

8 

1 16.87 

444.3 

460.2 

476.0 

491.9 

9 

17.85 

499.8 

517.7 

636.6 

553.4 


Note. 'For partial month, multiply values for 1 day by the member of days. 


VELOCITY 


lit. per sec. « 0.682 mi. per hr. 

1ml. per hr. =» 1.467 ft. per sec. = 88 ft. per min. 


POWER* 

p. requires S.80 i^c.-ft. falling 1 ft. ~ 5.68 mgd. falling 1 ft. at 100 








and con ^ ■ 

li bp. about I kw. 

To calculate waterpower quickly: . Cl : « net hoi^epb:^?^^ 

on waterwheel realizing 80 per cent, of the theoretical power (see also p. 471). 
For 95 per cent. eflSciency, waterpower — ^ 


PRESSURE 

1 ft. head or depth of water = 0.433 lb. per sq. in. == 0.029 atmosphere. 
1 lb. per sq. in. = 2.307 ft. of water = 0.068 atmosphere. . 

1 atmosphere = 33.90 ft. of water = 14.7 lb. per sq. in. 

1 ft. water column = 0.883 in. mercury. 

1 in. mercury column == 13.59 in. water. 


Table 299. Converting Inches Vacuum into Feet Suction 
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Table 300. Pressure Equivalents 


Lb. 

per 

sq. in. 

Lb. 

per 

sq. ft. 

Lb. 

per 

circular 

in. 

Kilo- 
gramme 
per sq. 
centi- 
meter 

H 

In. of 
mercury 

Milli- 

meters 

of 

mercury, 
32° F. 

Water 
pressure, 
feet, head 

Water 

pres- 

sure, 

meters, 

head 

Atmos- 

phere 

1.0 

144.0 

0.78540 

0.0703 

69.0 

2.0376 

51.63 

2.307 

0.703 

0.06793 

0.00694 

1.0 

0.00546 

0.000488 

0.00479 

0.01415 

0.3586 

0.01602 

0.00488 

0.000472 

1.273 

183.3 

1.0 

0.08952 

87.845 

2.594 

0.6573 

2.937 

0.8954 

0.08648 

14.223 

2048.0 

11.17 

1.0 

981.3 

28.98 

734.2 

32.81 

10.0 

0.966 

0.01440 

2.086 

0.01138 

O.OOIOI 

1.0 

0.02962 

7.48 

0.03343 

0.01013 

0.00984 

0.4912 

70.731 

0.38579 

0.03453 

33.880 

1.0 

26.35 

1.1334 

0.3464 

0.03336 

0.01937 

2.789 

0.01521 

0.001362 

1.336 

0.03947 

1.0 

0.04468 

0,01362 

0.001316 

0.4336 

62.425 

0.34128 

0.03048 

29.91 

0.882 

22.38 

1.0 

0.30491 

0.029448 

1.422 

204.76 

1.1169 

0.1 

98.13 

2.8976 

73.42 

3.281 

1.0 

0.0966 

14.72 

2119.68 

11.562 

1.035 

1015.8 

29.92 

760.0 

.33.96 

10.352 

1.0 


Table 301. Conversion Factors for Units of Pressure* 


Unit 

Ft. of 
water 

Log 

In. 

mercury 

Log 

Lbs. 

persq.in. 

Log 

Lbs. 

per sq. ft. 

Log 

Lb. per sq. 









in 

2.308 

0.3632 

2.037 

0.3090 

1.0 

0.0 

144.0 

2.1584 

Lb. per sq. 

0.01603 







ft 

8.2048-10 

0.01414 

8.1606-10 

0.00694 

7.8416-10 

1.0 

0.0 

In. of mer- 







cury 

1.133 

0.0542 

1.0 

0.0 

0.4910 

9.6910-10 

70.699 

1.8494 

Ft. of fresh 

water 

Ft. of sea 

1.0 

0.0 

0.8826 

9.9468-10 

0.4333 

9.6368-10 

62.4 

1.7952 









water 

Atmos- 

1.025 

0.0107 

0.9047 

9,9565-10 

0.4442 

9.6476-10 

64.0 

1.8062 

phere .... 

33.923 

1.6305 

29.942 

1.4763 

14.70 

1.1673 

2116.8 

3.3257 


Specific gravities used above; distilled water, 1.000; sea water, 1.025; mercury, 13.5956. 


Table 302. Equivalent Measures and Weights of Waters at 4°C. (39.2°F.) 


No. U. S. gals. 

Imperial gals. 

Liters 

Cubic meters 

1 1.0 

0.83321 

3.7853 

0.0037853 

2 1 . 20017 

1.0 

4 . 54303 

0.004543 

3 0 . 264179 

0.22012 

1.0 

0.001 

4 264.179 

220.117 

1,000.0 

1.0 

5 0.119888 

0.099892 

0.453813 

0.0004538 

6 7.48065 

6.23287 

28.3161 

0.0283161 

7 0.004329 

0.003607 

0.0163866 

0.0000164 

8 0.0408 

0.034 

0.1544306 

0.0001544 

9 325,851 

271,499 

1,233,444 

1,233.4438 



0.13368 

0.160430 

0.035316 

35.31563 

0.0160266 

1.0 

0.0005787 

0.005454 

43,560 


of ice weighs 67.2 to 117.6 lb. 1 cu. ft. of salt water weighs 63.0 to 64. 1 lb. 


231.0 


277.274 

61.0254 

61,025.4 

27.694 

1,728.0 

1.0 

9.4224 

75,271,581 

29.4116 

6.4754 

6,475.44 

2.9411 

183.346 

0.1061! 

1.0 

7,986,478 
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Table 80S.* Horsepower of Water (per Cu. Ft. per Sec.) 

Weight of Water Taken at 62.5 Lbs. per Cu. Ft, 


Head, ft. 

Horsepower 



Head, 

ft. 

Horsepower H 

86 per 
cent, 
efficiency 

100 per 
cent, 
efficiency 

g| 

85 per 
cent, 
efficiency 

H 

85 per 
cent, 
effioienoy 

100 per 
cent, 
efficiency 

1 

0.096591 

0.113636 


18.352273 

21 . 590909 

370 

35.738637 

42.045455 

20 

1.931818 

2.272727 

200 

19.318182 

22.727272 

380 

36.704546 

43.i8i818 

30 

2 . 897727 

3.409091 

210 

20.284091 

23.863636 

390 

37.670465 

44.3i8182 

40 

3.863636 

4 . 545455 

220 

21.25 

25.000000 

410t 

39.602273 

46.590009 

60 

4.829545 

5.681818 

230 

22.215909 

26.136364 

420 

40.568182 

47.727273 

60 

6. 795455 

6.818182 

240 

23.181818 

27.272728 

430 

41.534001 

48.863630 

70 

6.761364 

7 . 954545 

250 

24.147727 

28.409091 

440 

42.500000 

50.000000 

80 

7.727273 

9.090909 

260 

25.113637 

29.545455 

450 

43.465909 

51 . 136364 

90 

8.693182 

10.227273 

270 

26.079546 

30.681818 

400 

44.431818 

52.272727 

• 100 

9.659091 

11.363636 

280 

27.045455 

31.818182 

470 

45.397728 

53.409091 

110 

10.625 

12.500000 

290 

28.011364 

32.954545 

480 

46.363637 

.54 . 545455 

120 

11.590909 

13.636363 

300 

28.977273 

34.090909 

490 

47.320546 

55.681818 

130 

12.556818 

14.772727 

310 

29.943182 

35.227273 

520t 

50.227273 

59.090909 

140 

13.622727 

15.909091 

320 

30.909091 

36.36.3636 

540 

52.1.59001 

61 . 363637 

150 

14.488636 

17.045454 

330 

31.875000 

37.500000 

560 

54.090909 

63.636364 

160 

15.454546 

18.181818 

340 

32.840909 

38.636364 

680 

56.022727 

65.909091 

170 

16.420455 

19.318182 

350 

33.806818 

39 . 772727 

650 

62.784091 

73 . 863630 

180 

17.386364 

20.454545 

360 

34.772727 

[40.909091 

750t 

72.443182 

[85 . 227273 


* Horsepower = (discharge per sec. in lb. X head, ft. i>50) X efficiency factor. 

Example: A stream flow of 1000 cfs., and 100-ft. drop provides 9.059 X 1000 = 9059 hp. at 
85 per cent, efficiency. 

1 cu. ft. per min. falling 1 ft. «= 0.00189 hp. 

By moving decimal point in second and third columns of each group, horsepower for any head 
likely to be desired can be obtained nearly enough; closer results for some heads {e.y., three or more 
significant figures) may be obtained by adding. 

t Values for 400, 500, 600, 700, 800, etc., can be gotten from table by multiplying values for 40, 
50, 60, 70, 80, respectively, by 10. 


Water horsepower, or useful work done in pumping, equals capacity in gal. 
per min. multiplied by total head in ft., and divided by 3960: divisor is often* 
taken at 4000 to simplify calculations (see p. 471). For sea water, add 2.6 
per cent, to results. 


Table 304. Equivalent Quantities of Water 
Delivered in 24 Hrs., in 1 Hr., in 1 Min., and in 1 Sec. 
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# to iHpco also. t Numbers in these columns are also areas in sq. ft. corresponding to diam. 























Tahie 30g. Cylindrical Tanks— Capacity for Depth or Length of 1 Ft. and 1 In., Cu. Ft., Gals., and Lbs.— (CotUtntwd) 



650 
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Table 306. Tanks — Capacities in Cubic Feet, Gallons, and Pounds, for 
Depths of 1 Ft. and 1 In., for Horizontal Areas in Square Feet*^ 

Maximum Error Due to Round Numbers == 0.26 Per Gent. 
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TiiUe 806. Tanks — Capacity for Depths of 1 Ft. and 1 In.— (Concttafed) 


1 Ft. depth I 1 In. depth v 


Weight, lbs. 



7,260 


AboV6 table is based on 1 cu, ft. of water weighing 62.5 lb. and containing 7.48 gal. 

Example of use: Cistern 18 ft. X 50 ft. X 10 ft. 1 in. deep contains, how many gid.? 18 X 5^ 
• OOOiiSEntering table under “Area” at 900, find 6750 gal. per ft. depth; 660 per in. Capacity » 
67.fi0gyi^&fl0 MU 68,060 1^1. The above weights are exclusive of weight of tank. For drctuai: tanka 
obtaipr& fwm tables of circl^ or comp^^^^ 

'■ copter S7. Capacity and ConTersioa Ta^ei 

. ' J ifn^, iSToft Water Supply and Irrigation Paper 426^, i917i ^3*; 

j||i;'^^^^;:aOd^*flirf!ord::Hydrav|^ PvO. 4. “ Notes on Hydrology,” D; W. Meadi,i3^|a:I^;. 
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COLD PERIODS IN UNITED STATES' 


1717. Great Snow,” Feb. 19-24; 6 ft. deep, Boston. 

1741. Intense cold. Long Island Sound frozen. Connecticut River ice 

would carry horses, Apr. 1; 16 ft. of ice in Hudson River.* 

1765-6. Hudson frozen over at Paulus Hook; 26°F., St. Johns River, Fla. 
1780 Coldest, except 1856. Chesapeake Bay frozen over from head to 
Potomac; —6® at Williamsburg, Va. Ice solid enough to support 
pedestrians. Ice entirely between New York and Staten Island, and 
on Long Island Sound. Troops crossed from New Jersey to Staten 
Island on ice. Bayou St. John, New Orleans, was frozen. Dela- 
ware River frozen over from Dec. 1 to Mar. 14; ice 2 or 3 ft. thick. 
1783. —12° at Philadelphia; Hartford, Conn., —20°. 

1787-8. Ground frozen at Savannah, 20°F. 

1792. Ohio River at Wheeling frozen over for 40 days. 

1796-7. Ohio and Mississippi rivers and confluents frozen to their junction; 
17° Charleston; —19° Cincinnati. 

1800. Snow 18 in. deep in Georgia. Snowfall 5 in. deep at St. Marys River, 
Fla. Natchez, Miss., 6°. Sleet and heavy frosts in Louisiana. 
1816. At Williamstown, Mass., frost in each summer month. Snow, Juno 
8 in Vermont. Frost in Philadelphia, July. 

1820-1. Hudson at Paulus Hook covered with ice (fourth time in 100 years). 
1825-6. —27°, Portland, Maine; —24°, Amherst; —18°, Springfield, Mass.; 

0°, Washington; 14° in Louisiana; Montreal, —38°. 

1831. Mississippi River frozen for 130 mi. below mouth of Ohio. 

1835. Long Island Sound closed; Boston harbor, nearly so, 

1835. Jan. 4: Bangor, Maine, —40°; Bath, Maine, —40°; Portland, 

Maine, —21°; Montpelier, Vt., —40°; Concord, N. H., —35°; 
Boston, —15°; Pittsfield, Mass., — 32°; Albany, —32°; Pough- 
keepsie, — 35°; New York, —5°; Lancaster, Pa., —22°; Washington, 
— 16°; Baltimore, —10°.. Jan. 5: New Haven, Conn., —27°; 
Providence, —16°; Philadelphia, —6°. Feb. 8: Chicago, —22°; 
St. Louis, -25°; Cincinnati, —18°; Nashville, —10°; Huntsville, 
Ala., —9°; Natchez, Miss., 0°; Baton Rouge, 10°; Jacksonville, 


8°; Richmond, —6°; Savannah, 3°; Augusta, —2°, 

1851-2. St. Louis, —14°; New Orleans, 17°; Pensacola; 10°; WashS 
—7°; New York, —8°. Potomac at Washington frozen oS 
3 weeks. East River frozeil; crossed from Jan. 20-24. \ 

* ^oii Eitideie! is said to have conveyod oaatton on ice to the Battery from Staten Islanj 
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1854. Salt Lake City, — 14® ; Fort Dallas, Ore., - 15® ; Fort Defiance, N. M., 
—20®; San Francisco, 27®, 

1856. Pittsburgh, —18®. Ice formed in Louisiana. Severest winter of 
50 years in Mississippi Valley. 

1864. Cincinnati, —5®; Fort Laramie, Wyo., —40°. 

1866-67. Ferries stopped in East River, New York City .2 


Table 307. Altitudes, Barometer and Wind* 


State, country or 
territory 

Place 

Alti- 
tude, ft. 
above 
Bca 
level 

Barometer, inches 
of mercury 

Velocity of 
wind, miles per 
hr.t 

Anniial 

mean 

Aver. 

annual 

max. 

Aver, 

annual 

min. 

Annual 

mean 

(20 

yrs.) 

Max. 

ice- 

corded 

1909-14 

Alabama 

Birmingham 

70() 

29.32 

29.77 

28.63 

10 

48 

Alaska 

Sitka 

90 

29.79 

29.99 

29.48 



— 

Arkansas 

Little Rock 

357 

29.66 

29.80 

29.55 

6 

59 

Arizona 

Phoenix 

1108 

28.75 

28.89 

28.62 

— 

40 

Arizona 

Yuma 

141 

29.73 

29.92 

29.58 

— 

44 

California 

Los Angeles 

838 

29.62 

29.73 

29.52 

4 

42 

California 

San lYancisco 

155 

29.86 

29.99 

29.75 

10 

64 

Colorado 

Denver 

5291 

24.71 

24.82 

24.58 

7 

75 

Connecticut 

New Haven 

106 

29.91 

30.04 

29.79 



58 

Cuba 

Havana 

57 

29.92 

30.07 

29.82 

— 

— — 

District of Columbiti 

Washington 

112 

29.94 

30.01 

29.82 

5 

68 

Florida! 

Jacksonville 

43 

30.01 

30.13 

29.91 

8 

75 

Georgia 

Atlanta 

1174 

28.83 

28.93 

28.74 

10 

66 

Georgia 

Savannah 

65 

29.99 

30.11 

29.89 

7 

88 

Idaho 

Boise City 

2739 

27.17 

27.33 

27.06 

4 

55 

Illinois 

Cairo 

356 

29.67 

29.80 

29.52 

8 

54 

Illinois 

Chicago 

823 

29.13 

29.23 

29.03 

17 

84 

Illinois 

Springfield 

644 

29.35 

29.47 

29.25 

9 

48 

Indiana 

Indianapolis 

822 

29.16 

29.27 

29.06 

10 

60 

Iowa 

Davenport 

606 

29.37 

29 .•49 

29.26 

— 

48 

Iowa 

Dubuque 

698 

29.27 

29.38 

29.16 

6 

60 

Kansas 

Dodge City 

25(>9 

27.38 

27.48 

27.27 

11 

75 

Kansas 

Topt'ka 

983 

— 

— 

— 

— 

58 

Louisiana 

New Orleans 

51 

29.98 

30.10 

29.87 

8 

66 

Maine 

Portland 

103 

129.87 

30.00 

29.75 

5 

61 

Maryland 

Baltimore 

123 

29.92 

30.05 

29.80 

— 

70 

Massacliusetts 

Boston 

125 

29.88 

30.00 

29.75 

11 

72 

Michigan 

Detroit 

730 

29.23 

29.33 

29.13 

11 

86 

Michigan 

Sault St. Marie 

614 

29.31 

29.41 

29.24 

8 

52 

Minnesota 

Duluth 

1133t 

29.23 

29.33 

29.13 

14 

78 

Minnesota 

St. Paul 

837 

29.09 

29.20 

28.98 

8 

102 

Missouri 

St. Louis 

567 

29.43 

29.56 

29.33 

11 

80 

Nebraska 

North Platte 

2821 

27.06 

27.15 

26.96 

10 

— 

Nebraska 

Omaha 

1105 

28.84 

28.97 

28.73 

9 

66 

New Mexico 

Santa Fe 

7013 

23.25 

23.37 

23.12 

7 

53 

New York 

Albany 

85 

29.92 

30.05 

29.80 

6 

• 70 

New York 

Buffalo 

767t 

29.18 

29.28 

29.08 

11 

92 

New York 

New York 

314 

29.69 

29.82 

29.57 

9 

96 

Ohio 

Cincinnati 

628 

29.38 

29.49 

29.28 

7 

59 

Ohio 

Cleveland 

762 

29.21 

29.30 

29.11 

11 

73 

Oklahoma 

Oklahoma City 

1214 

28.72 

28.85 

28.60 

11 

72 

OT^in 

Portland 

154 

29.90 

30.03 

29.78 

6 

39 


Harrisburg 

374 

29.65 

29.77 

29.63 

7 

46 


Philadelphia 

117 

29.93 

30.06 

29.81 

10 

75 


Pittsburg 

842 

29.14 

29.24 

29.04 

7 

69 


[Compiled from U. S. Weather Bureau records. % Instrument previously at 702. 

^ rliiose above 76 mi. per hr. are classed as “hurricanes.” 

' Florida hurricane, Sepit. 20, 1926, wind velocity attained 152 miles per hour (B. N. B., 
1926, p. 639). 
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Table 807 . Altitudes, Barometer and Wind. — {Continued) 




• 

Alti- 
tude, ft. 

Barometer, inohos 
of mercury 

Velocity of 
wind, miles per 
hi. 

territory 

Place 

above 

sea 

1( vel 

aunud — 

mean 

1 

Annual 

mean 

(20 

yrs.) 

Max.t 

re- 

corded 

1909-14 

Porto Rico 

San Juan 

82 

29.90 29.97 29 81 


72 

South Carolina 

Charleston 

48 

30 02 30.14 29 91 

10 ! 

94 

South Dakota 

Pierre 

1572 

28.30 28.42 28.20 


65 

Tennessee 

Chattanooga 

762 

29.26 29. 3S 29.16 

6 

55 

Tennessee 

Knoxville 

1004 

29.02 29.13 28 92 

G 

42 

Tennessee 

Memphis 

397 

29.68 29.76 29.51 

8 

72 

Texas 

Galveston 

54 

29.97 30.11 29 86 

10 

84 

Utah 

Salt Lake City 

4366 

25 62 25.74 25 51 

6 

66 

Vermont 

Burlington 

268 

29 71 29.85 29.55 


66 

Virginia 

Richmond 

144 

29 91 30.04 29 78 

8 

61 

Washington 

Seattle 

123 

29 92 30 03 29 79 

6 

64 

Washington 

Spokane 

1943 

27.96 28.11 27.86 

4 

52 


* Height of obsoiviiiK instiuinents 

i Compiled bv searehiriK U »S WeuUier Buicau Kioids foi tli(*se \( «is, i(<oids Kive for eaeh 
month the maximum vtloeity lor that month 


ISf)?. Deoeinbcr. —10°, Wytliovillo, Va.; St. l*aul, —150°. 

1872. December. Chicago, — 2*‘5°, liUnenbing, Vt., — b)°; 

1875. January. Ft. Garland, Colo., —10°; Logansjx))-!, 1ml., —80°; New 
Haven, —14°. 

1875. Jan. 0. —6°, Now Yoik; —12°, PiUsInugh, —8°, Washington. 

1904-5. 5 to 8° below normal for Eastern State's. 

1917. Dec. 80. —18°, New Yoik: —5° Pittsburgh; —8°, Washington. 

Lamp’s General Formula for Thick, Hollow Cylinder. 

s = tangential unit stiess at distance x from axis of cylinder. 

Ti == internal radius of cylinder. 
r 2 = external radius of cylinder. 

Pi — internal unH stress. 

P 2 = external unit stress. 

Truck Loads on Valve Chamber Covers. Fifty-ton girders on a truck 
weighing 16 tons (one of the largest in New York City) broke through 24- by 
24-in. cast-iron manhole covers on Broadway (March 1912), presumably due to 
impact. The major part of the load was on the rear axle and was computed to 
be 22 tons i)cr wheel. A 68-ton girder for tlic Pennsylvania terminal was 
transported through city streets; also the 70-ton girders for the Woolworth 
building. Sometimes it is cheaper to ignore such abnormal loads, and replace 
broken covers. An 80-ton girder gives a wheel load of about 29 tons. The 
24- by 24-in. covers of the Metropolitan Street Railway Co. me^jggned 
above were capable of sustaining a static load of 80 tons. Sections^Mthe 
German mine-laying submarine tfCS.were trucked through New YoiffiRty 
streets in connection with Liberty bond campaigns. Transported on ^n^l 
truck weighing 15 tons; largest sections weighed 50, 55, and 60 tons. W ml 
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of special truck had 14-in. tread. Few manhole covers were broken, one 
load running over several on Manhattan Avenue and 125th Streets without 
causing any damage.* 

Earthquakes— Effects on Waterworks Structures.* Committee of engi- 
neers, San Francisco, April, 1906.® Conclusions from extended observations of 
damage done: (1) Greater attention should be given to avoidance of threaten- 
ing geologic faults, in locating important waterworks structures. (2) Skil- 
fully designed and well-built earth dams were proved of great stability, deserving 
increased confidence. (3) Concrete dams of gravity section are able to 
withstand shocks of great severity without damage. (4) Distributing 
reservoirs, pumping machinery, elevated tanks, and standpipes, if secure as to 
foundations and intelligently designed according to best practice, will with- 
stand shocks sufficient to destroy most buildings. (5) Pipes or conduits of 
any character are almost certain to fail when intersected by a plane of large 
movement, whether faulting, sliding, or settling. In planning distributing 
systems for cities, important supply pipes should be located along routes 
carefully selected for stability; areas liable to serious disturbances should be 
so segregated as to be quickly separable from remainder of system. (6) 
Distributing pipe systems should have abundance of suitably placed, well- 
maintained valves, conspicuously marked in field and clearly recorded, for 
isolating pipes and sections; critically important supply mains should be 
duplicated along widely separated routes; ample supplies of water should be 
maintained close to centers of use; structures liable to shock should be of sub- 
stantial types. Pipe lines in firm ground sustained no considerable damage. 
Marshy, filled, and soft alluvial soils constitute danger spots. If they cannot 
be wholly avoided for important mains, partial or entire immunity may be 
found in pile foundations extending well below compressible soil, and heavy 
flexible joints across lines of probable separation. 

The Japanese earthquake of 1923 is being studied by a committee of Am. 
Soc. C. E). Most of the joints in distribution system were loosened. Artesian 
wells were but slightly affected.29 

Population studiesf are required in forecasting water-supply requirements. 
The method commonly used in reports on future water demands is to plot 
the decennial census figures furnished by the IT. S. Census Bureau, Department 
of the Interior, for the community under investigation, and also for other 
larger communities of a similar character. Curves are then constructed jto 
indicate roughly the past rate of growth; the probability is that unless pesti- 
lence, sudden migratory movement, or change of area intervene, the com- 
munity will continue its past rate of growth into the future. This method 
lacks the finesse of those used by actuaries, but suffices for water-supply 
studies. Plot years as abscissas, and populations as ordinates. By a parallel 


shifting of the curves of the larger towns over the curve of the town under 
inves^ation, so that the curves coincide for the last census of said town, the 
invd^ator gets an idea of the trend of similar towns as they increased in size, 
anc^i: be guided accordingly \n prognosticating future growth. 

iiibo. ** Notes on the Guatemala Earthquakes and.£arthquake>proof Construetiont** IW 
A, <S. C. B., Vol. 83. 1919, p. 1089-1712, and Hadley m Proo. Am. COno. Inat.. VS, 

^l^also Johnson. /. N. S, W, W. A., Vol. 28, 1914, p. 162. 
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A second method* used involves incremental increases and is bai^ on the 
theory that increase in the increments are constant — ^in other words, that the 
curve of population is of the second degree. Find the increase for each 
decade and find the difference in the increase for each pair of decades* By 
averaging both the increase for each decade and the increment of increase 
for successive pairs of decades, figures are obtained which properly applied 
to the first figure of the series will produce the last figure; this can be extended 
into the future. In using this method, the population at the end of the first 
future decade is obtained by adding to the present figure the average increase 
plus the average increment; at the end of the second future decade, the 
population will be that at the end of the first future decade plus the average 
increase plus twice the increments 


WATERWORKS FINANCING 

Ownership. Public vs. Private. In reporting to San Francis(‘o Chamber 
of Commerce advocating purchase of property of Spring Valley Water Co., 
J. Waldo Smiths said: 


Water supply is the one public utility concerning \\ Inch no questions are raised 
as to the wisdom of municipal ownership and operation A largo propor- 

tion of all water supplies in the country, both laige and small, aio municipally 
owned. In general, the municipality has lender ed good service in the operation 
and maintenance of this utility. 


In developing a Tvater sujiply for a young community the initiative of 
the private investor is required; most municipal sujiiilies were started under 
private ownership. Private ownership is able to extract larger earnings during 
the lean years by sharper insistence on efficiency of employees than is possible 
in a municipality. IVfunicipal ownership means more employees and lessened 
impetus to attain results. On the other hand, municipal ownership eliminates 
items of overhead expense, including municipal, state, and federal taxes and the 
dividend requirement; some plants under municipal ownership have reduced 
rates. Private companies are subject for local, state and federal taxes; 

State Regulation. Water-supply companies or water departments of 
municipalities are required, in most states, to submit plans for approval both 
to the state department of health and to the state utility commission. In 
some states having water supply commissions, they also pass on the plans. 
Operation of plant, particularly treatment plants, is subject to state sujK'r- 
vision. In most states, the utility commissions have regulations coveiing 
meter testing, meter reading, accounting, rates, etc. 

Appraisal of Plants.t In appraising water companies, the going-concern 
value should be considered, based on the fact that the plants are in actual con- 


* Termed compound interest” method. 

tThe reader is referred to following in Trans Am Soc C E • "The Going Value of Water- 
works/’ Vol 73, 1911, ‘‘The Valuation of Public Service Coiporation Property,” Vol 72, 1911: 
** Valuation of Waterworks Property,” Vol 38, 1897; “Valuation and P'air Hates in the L'^ht of 
the Miune Supreme Court decisions in the Watervilie and Brunswick Cases,” Vol 64, 1909; " 

of Special Committee to Formulate Principles and Methods for the Valuation of Railroad 
and other Public Utilities,” Vol 81, 1917. Also report of Committee on Valuation to AJ 
Ry. Assn., 1919; and to the following books: Grunsky, “Valuation, Depreciation and t>L 
Base” Wiley, 1918; Raymond, “What Is Pair,” Wiley, 1014, Maltbie, “Theory and 1| 
of Utility Valuation,” McGraw-Hill Book Company, Inc , 1924; Riggs, “Dopreciaf 

l^blic UtiUty Properties and its Elation to Fair Vaf^*” McGraw-HiU Book Compaii:g 
1922. 
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nection with paying customers, and that, if purchased, full income 
start from day of purchase, whereas a reproduction of the existing plant, 
while costing the same, would have to wait one or more years for a normal 
demand for water. 

Cost-of^reproduction valuation is arrived at, in general, by establishing 
the cost of reproduction, including a percentage for overhead costs,* deducting 
depreciation, and adding going-concern value. “ Reproduction-new ” theory 
of value has been decided by the U. S. Supreme Court'i to be proper basis for 
public utility rate making; this reaffirms the famous Smyth-Ames decision 
of Justice Harlan; the minority report dissents from this basis (see Metcalf 
in J. A. W. W. A., Vol. 11, 1924, p. 1). \ 

Object of appraisal affects the valuation. A valuation for rate making 
might fairly have a different basis from one for condemnatioa; one fori selling 
would also result in different figures from either of the others. In considering 
a valuation report, it is important to know its object (see “Purposes 
Should Govern Waterworks Valuations,^’ by Ledoux, E. N. R.y Oct. 4,:;1^17, 
p. 633). Where a municipality desires to acquire a utility, it has the option 
of negotiation with the owners, of exercising its right of eminent domain, or 
of building its own plant. The last possibility is often used as a basis for 
fixing the condemnation cost of the private plant; obviously, the municipality 
should not pay more than the value of a new plant, depreciated to the age of 
the system which is to be acquired. 

Contentious items are those of depreciation, franchise value, and going- 
concern value. If the franchise is not exclusive, there is no legal bar to another 
company or the municipality installing paralleling lines; in the condemnation 
proceedings of the City of New York^^ against the Citizens^ Water Supply 
Co., the company claimed a franchise value of $1,250,000, the city allowed 
nothing, and the Condemnation Commission allowed fl, on the above basis. 

Going-concern value should cover development costs, consolidation costs, 
superseded property, and created value. 

The Committee on Valuation of Am. Elec. Ry. Assn., says: 

Depreciation has })cen classed by all students of the subject as an operating 
charge and not a capital account item . . . The only provision for taking 
care of depreciation is by making proper repairs and proper renewals where neces- 
sary . . . The full original investment remains in the property and the 
investor is entitled to a return upon every dollar until the investment is repaid to 
him . . . There is a certain amount of total accrued depreciation that never 
can be taken care of in any operating, growing property . . . When a property 
has been maintained in good operating condition, no deduction should be made for 
accrued depreciation in an appraisal to determine investment value for rate making, 

or for sale to municipality.* ^ 

Fair return is defined by Committee on Valuation of Am. Elec. Ry. Assn.*3 
as: . 

MA investor in^a company is entitled to a reasonable return on his actual 
oriR p l investment, plus the appreciation of the property, including its value as a 
go ^M concern, as compensation for his initial risk’^ or “hazard and his skill in 
s^^^fully operating the property. 

esUmates this at 63 per cont.^® 



Table ^08. Cost of Unskilled Labor and Materials in Waterworks 1916-211** ' 

Metcalf 15 V ' 


MIRCELLANy 



i&a also Metcalf in J. A. Tl\ W. .4., Vol. 13, 11 
Imall number makes record of doubtful value. 
Unge Sd0.60 to $83.50 per ton. 
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Waterworks Bonds. Shermant^ argues that 30 years is the average 
remaining life in waterworks plants, and that bonds secured by such property 
should be limited to this term. The term of bonds on municipally owned 
works is fixed by law at 6 years in Massachusetts and 30 years in New Jersey. 
The Pierson Act* of New Jersey (1916) also controls the rate of amortization 
by stipulating that the amortization in any one year shall not exceed by more 
than 50 per cent, that of any preceding year. 

From records of a number of plants Sherman'^ concludes that the average 
depreciation is 20 per cent, and that 80 per cent, of the value still exists. He 
would, therefore, issue bonds up to 80 per cent, of the cost of the works. The 
financing of municipally owned works should be on same basis as private 
corporations, that is, self-supporting. Bonds for large works should be sold 
serially to out down interest charges during construction (for tabulation of 
interest charges during construction of large dams, see Elect, Worlds July 17, 
1920, p. 117). 

Costs of waterworks vary widely, and are influenced by geographical 
location, topography, geology, and many other conditions. Table 308 is 
useful in revising prewar costs to date. An interesting ej^ample of cost 
segregation on small works is lIarrouu\s paper on waterworks for Porterville, 
Cal. (pop. 2000) (T. A. S. C. E,, Vol. 54, 1905, p. 235). 

Cost of supplying water varied in the United States in 1904 from $20 per 
million gal. in some large cities to $300 in small, unfavorably situated plants; 
the average of 22 cities, none larger than Cleveland, was $92, Cleveland being 
$23. t Chicago is estimated at $19.^® Costs, exclusive of capital charges, 
increased in Reading,'^ Pa., from $15.02 per million gal. in 1913-1914 to 
$32.82 in 1921. Pumping costs rose from $5.97 to $15.50.t Capital charges 
at Columbus in 1922-1923 amounted to over 35 per cent, of total operating 
cost: water treatment 23 per cent., and pumping ll to 14 per cent.'* A 
table in E, C., June 8, 1921, p. 876, compares 1913 and 1917 costs in 29 
American cities (see particularly Hazen, Meter Hates for Water Works*' 
(Wiley, 1916). 

Water-main and service extensions are paid for by the municipality, by 
the water taker, or prorated. For symposium on practice re services, see 
J, N, E, W. W, A., Vol. 38, 1924, p. 135, and Financing Water-main Exten- 
sions,” by Blomquist, J, A, W, W, A., Vol. 11, 1923, p. 789. Cincinnati and 
Philadelphia charge $2 per front ft. of abutting property; some cities charge as 
low as $1, etc. (see Jordan, J, A. W, W, A., Vol. 12, 1924, p. 94). 

Rates§ are practically the only revenue derived from the water system, and 
must yield sufficient revenue to meet the following yearly charges: interest 
on outstanding bonds; amortization payments into the sinking .fund to retire 
bonds; operating expenses, including repairs and depreciation reserves for ' 
replacing valueless equipment. Costs of extensions are sometimes taken from 
yearly revenues, and sometimes assessed on the property asking for such 

Itfifwt. 3, Ch. 252, Acts of 140tli Legislature, N. J., 1916. p. 527 All bonds hereafter fmiMl « 
« Jltfinatttre in not *exoeediiig 50 years and in annual installments commencing not more 
2 their date and no installment shall be more than 60 per cent, in exoesa of the anpdu^tt 

ofSlramalleatpHor installment. ^ , 

gmCoiaX maintenance plus interest on bonds. 

Chicasto costs, see n 474. 

m fiee partioulsriy **Meter Kates for Water Works,” by Hasen (Wiley, 1916), an4 fW 

Wagner, J, N, B, W. W. A . Vol 29. 1915, p. 1. 
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TaUe 809. Cost of Cubic Feet of Water at Stated Bates par 8000 Oats* 



Cost per 1,000 Qtls. 

(For cost per mg. move deoimal point 8 places to tlglit) 

ou. ft* 

5 Cts. 

6 Cts. 

8 Cts. 

10 Cts. 

1 15 Cts. 

20 Cts. 

1 25Ctt. 

30Cte. 


10.007 

f0.009 

t0.012 

SO 015 

1 tO.021 

10.030 


10. 048 


0.015 

0.018 

0.024 

0 030 


0.060 

0.075 


60 

0.022 

0.027 

0.030 

0 045 

0.066 


0.112 

0.185 

1 

0.030 

0.036 

0.048 

0.060 



0.150 

0.180 

100 

0.037 

0.049 

0.060 

0.076 

O.Ul 

0.150 

0.187 

0.224 


0.075 

0.000 

0.120 

0.160 

0.225 

0.209 

0*.874 

0 449 


0.112 

0.135 

0.180 

0.224 

0.836 

0.440 

0.561 

0.678 


0.150 

0.180 

0.230 

0.209 



0.748 

0 898 

500 

0.188 

0.224 

0.200 

0.374 

0.564 

0.748 

0.035 

1.128 

600 

0.224 

0.269 

0.850 

0.440 

0.674 

0.808 

1.122 

1.346 


0.262 

0.314 

0.410 

o.e24 

0.786 


1.300 

1.571 

800 

0.200 

0.350 

0.470 

0.508 

0.897 

1.197 


1.705 


0.337 

0.404 

0.530 

0.673 

l.Oll 

1.846 

1.683 



0.374 

0.449 

0.508 

0.748 

1.122 

1.406 

1.870 

2 244 


0.748 

0.808 

1.107 

1.496 

2.244 

2.002 

3.740 

4 488 


1.122 

1.346 

1.705 

2.244 


4.488 

5.610 

6 732 


1.406 

1.705 

2.303 

2.002 

4.488 

5.084 

7.480 

8 976 


1.870 

2.244 

2.002 

3 740 

5 610 

7.480 

0.350 

11 220 


2.244 

2.602 

3.500 

4 488 

6.732 

8.976 

11.220 

13 464 


2.618 

3.141 

4.180 

5.236 

7.854 

10.472 


15 708 


2.902 

8.500 

4.787 

5.084 

8.976 

11.068 

14.061 

17 953 


3.866 

4.030 

5 385 

6.732 

10.008 


16.831 

20 197 


8.74 

4.488 

5.084 

7.480 

11.122 

14.061 

18.701 

22 441 

20.000 

7.48 

8.076 

11.968 

14.961 

22.443 


37.402 

44 882 

30,000 

11.22 

13.46 

17.95 

22.44 

33.664 

44.88 

56.10 

67 32 


14.96 

17.05 

23.04 

29.02 

44.885 

50.84 

74.80 

89 77 


18.70 

22.44 

29 02 

37 40 

56.103 

74.80 

03.50 

112 20 


22.44 

26.02 

85 90 

44 88 

67 323 

89.76 

112 20 

134 64 


26.18 

31.41 

41 89 

52 36 

78 643 


130 90 

157 08 


20.02 

35.00 

47.87 

50.84 

89.766 



170.53 


33.66 

40.30 

53 85 

67 32 

100 086 

134 64 

168.31 

201 97 


87.40 

, 44 88 

59 84 

74 80 

111 22 

149 01 

187.01 

224.41 


74 81 

80 76 

119 68 

149 61 

224 43 

200.22 


448 82 


112 20 

134 64 

179 53 

224 41 

336.63 

448 83 

561.03 

673 24 


140.61 

170.53 

239.37 

209.22 

448.85 

508.44 

748.05 

807.66 



224 41 

299 22 

374 02 

561.03 

748.05 

035.06 

1,122.07 


224.41 

200 29 

359.06 

448.82 

673 23 

807.06 

1,122.07 

1,346 49 



314 18 

418 00 


785 43 


1,300.08 

1,570.88 


200 22 

350 06 

478 75 

508 44 

897 66 

1,196 88 

1,496.10 

1,795 32 



403 04 

5 {8 50 

673 24 

1,009 86 

1,340 40 

1.083.11 

2,019 73 


371 02 1 

44S Hi 

5‘)H 41 

718 05 

1,122 06 

1,408 10 


2,244.16 


extensions. In addition to tliose eh^irges, private water companies must 
meet taxes, dividends, and the interest on investment. This last item also 
exists under municipal ownership, but is not considered a charge against the 
system. Rates must also cover cost of providing water diverted to public 
uses — fires, street cleaning and sprinkling, sewer flushing, horse troughs, 
fountains, unmetered public parks and buildings — as well as loss by l(‘akage. 

Rates must also be adjusted to distribute the surcharges for fire pro- 
tection; commonly, the nfhnicipality pays a unit charge per hydrant in service, 
or a per capita tax is levied. Fixing of rates is vested in various state regula- 
tory commissions. Saville'® -cites as method most approved by public utility 
commissions in rate-making decisions a composite charge consisting of a 
unit charge per hydrant for maintenance and operation, plus anotJier unit 
^charge for pipe capacity and other costs of excess service per hn. ft. of pipe in 
service. See epitome of current practice by Burnham, J, N, E. W, W. 
^Vol, 38, 1924, p. Ill, and Jordan, A. W. W. A,, Vol 12, 1924, p. 0ft# 

* See **Coiuitruotioii of Rate Schedules/* by Rhlen, Pa. W, W. A > 1923, p 191. 
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Table 810. Meter Rates in Selected American Cities,* 1920 »® 
(Municipal operation) 


, City 

Popula- 

tion 

(nearest 

1000) 

Per cent, 
metered 

Meter rates, cents ^ 4 

lliKhest 
domestic, 
cts per 

1000 gals. 

Lowest 
commercial, 
cts. per 
1000 gals. 

Min. 

annual 

charge, 

dollars 

Mobile, Ala. 

Prescott. Ariz 

Blytheville, Ark 

San Diego. Cal 

Colorado taring, C’ol ... 

Hartford, Conn 

Wilmingtoin Del 

Daytona, Fla 

Augusta, Ga 

Boise, Ida 

Peoria, 111 

Fort Wayne, Ind 

Council Bluff, la 

Chanutc, Kan 

Ashland, Ky 

New Orleans, I^a 

Water ville. Me 

Hagerstown, Md 

Cambridge, Mass 

Jackson, Mich 

Duluth, Minn 

New Albany, Miss 

Poplar .Bluff, Mo 

Bozeman, Mont 

Grand Island, Neb. . . 

Elko, Nev 

Concord, N. H. . 

Kearny, N. J 

Carlsbad, N. M. . . 

Johnstown, N. Y 

Wilmington, N. C. ... 
Carrington, N. D. ... 

Athens, 0 

Blackwell, Okla 

Portland, Ore 

Harrisburg, Pa 

Providence, R. 1 

Charleston, S. C 

Watertown, S. D 

Memphis, Tenn 

Port Arthur, Tex 

Salt Lake City, Utah . . 

Burlington, Vt 

Alexandria, Va 

Seattle, Wash 

Wheeling, W* 

Madison, Wis 

Pine Bluffs, Wyo 

69 

8 

8 

75 

30 

138 

no 

5 

53 

28 

76 

86 

36 

10 

15 

387 

13 

28 

no 

48 

99 

3 

8 

8 

U 

2 

22 

27 

2.5 

11 

33 

1 5 
6 

12 

258 

76 

236 

68 

10 

162 

22 

118 

23 

18 

316 

54 

38 

0.9 

56 

100 

100 

100 

2 

98 

86 

100 

100 

87 

60 

92 

100 

100 

54 

100 

2 

93 

47 

100 

78 

88 

6 

3 

100 

56 

67 

100 

96 

9 

40 

100 

29 

99 

31 

71 

94 

98 

29 

79 
100 

32 
100 

39 

100 

9 

99 

100 

15 

100 

40 

14.7 

15 

16 

10 

15 

25 

27 

30 

16 

35 

30 

35 

10 

25 

30 

10 

13.3 

20 

37 5 

25 

100 

16 

30 

22.2 

20 

30 

40 ■ . 
21.6 

66.7 

20 

40 

10.7 
5.7 

20 

24.7 

25 

33.3 

30 

7.3 

20 

30 

13.3 

15 

10 

30 

10 

25 

10 

14.7 

8 

8 

7.3 

12.5 

12.5 

3 

6.5 

10 

10 

10 

7 

25 

8 

10 

10 

10.7 

25 

10 

10.7 

5 

7 5 

5 

16 

10 

6 6 

11.5 

33.3 

9 

6.7 

8 

5.7 

10 

6 

10 

12 

13 

6 

8 

8 

5.3 

5 

5.3 

10 

6 

21 

18 

12 

5 

10 

5 

9 

12 

3 

6 

6 

3 

12 

3 

40 

6 

5 

7 

6 

12 

6 

6 

' ”io “ ” 

7 

. 24 

9 

13 

6 

7 

9 

6 

4 

8 

12 

8 

12 

6 

6 

6 

12 

6 

4 

None 


* See also Jordan’s table in J. A. W, W, A., Vol. 12, 1924, p. 88. 


For unmetered services the flat rate is fixed by one of the following: 
(a) frontage on t£ie main with an excess charge for fixtures beyond the stipu- 
lated number, as used in New York and Chicago; (6) number of rooms, with 
additional charges where fixtures exceed the schedule; this method is in 
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Iw4de use; (c) a flat minimum rate, based on size of supply tap, with charges 
, for each fixture ; Philadelphia has this. ^ 

Meter Rates M (a) fixed rate per 1000 gal.; (b) sliding scale per 1000 gal; 
with maximum rate for minimum use, (r) fixed charge per annum, covering# 
a stipulated consumption, with excess use paid for at a fixed or sliding rate; 
(d) a fixed charge per annum to cover ^‘readiness to serve with a fixed rate 
per 1000 gal. for water used; (() minimum rate plus a service charge plus 
sliding or fixed rate per 1000 gal 

Sinking-fund Reserve to Cover Depreciation or Amortization Charge8.24 

(l+r)“- l’ 

where x = annual payment made at end of each year to accumulate $1 at 
the end of 7t years, the instalments bearing interest at r jiei cent , coiiiiKiunded 
annually. Figure 338 is plotted from this formula. 



. Life 0^ Apparatus, years 

Fig. 338. — Annuities for sinking fund to cover depreciation or amortization charges 
for different terms of life and rates of interest 

Equal Payments to Liquidate a Debt^ with Interest.*® 

B{\ + vYr 

(1 + r)" — 1 

where a is the amount of each of the equal payments; B is the total principal 
or bond issue; r, the interest rate for the fixed equal periods between pay- 
* See also Shepard, E N B i May 2, 1018, p 871. 
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meats} n is the number of payments.^ The total amount to be paid, iaclud*' 
ing interest, is m. For methods of calculating average rate of interest for 
stipulated values of a and n, see Sullivan, E, N, R , Jan. 29, 1925, p. 204, 
« Comparison of Ultimate Economy of Materials of Dilfering XHirabil^ 
ities*3« t 

Let y =» First cost of less durable article 

X = First cost of more durable article to be on an ultimate equality 
with y 

N = Number of years^ duration of x 
n = Number of years^ duration of y 

i = Rate of interest per annum compounded annually in decimals of 
100; for example, 5 per cent = .05 


a + 1)^-1 

® ^ (1 + - (1 + 4)Ar-» 


Table 311. Probable Life of Waterworks Elements26 

Cominittec* on Depreciation of the A W W A. 


Lipii. IN Yeajrb 

Large storage reservoirs, well located 75 to 150 

Heavy earth or masonry dams 75 to 150 

Large masonry conduits and tunnels 75 to 150 

Cast-iron pipe, large 75 to 125 

Cast-iron pipe, small 30 to 70 J 

Wrought-iron or steel pipe, laige 30 to 75 

Wrought-iron or steel pipe, small 25 to 40 

Wood-stave pipe, large 30 to 60 

Services, wrought-iron and steel 15 to 30 

Services, wrought-iron and lead 40 to 80 

Small distribution reservoirs 50 to 75 

Standpipes, wrought-iron and steel 30 to 60 

•Standpipes, lemfoiced-concrete 50 to 60 

Valves 40 to 60 

^ Hydiants 30 to 50 

Meters 20 to 30 

Pumping machiner>, liigh-duly large units 35 to 60 

Pumping machinery, high-duly small units 25 to 50 

Pumping machinery, oidinary direct-action 25 to 50 

Pumping machinery, centrifugal, not geared 20 to 30 

Pumping machinery, centrifugal, geared 15 to 25 

Steam engines 20 to 40 

Boilers 15 to 30 

Electric generators and motors 20 to 30 

Filter plants, masonry 30 to 50 

Filter plants, wood 15 to 30 

Buildings, masonry 30 to 60 

Euildings, wood , . 20 to 40 

Stacks, masonry. . . 25 to 50 

Stacks, steel." . 10 to 25 


If iJfWiod «» 30 dajri and Annual rate 6 per cent , r becomes 0 06 X 0 005. 

t Of talue in compering st«0l, wood-^tave reinforced concrete and cast-ir^a wndwit#* 
i Ip iiow-growipg and mnoii cities; 60 to 90 years 
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Aivord and Burdick*’ for 64-in. conduit at Iron Mountain, Mich., esti- 
mated riveted steel at 35 years, galvanized iron, J5; wood stave, 10; and 
wooden flume, 20. New York State law for bond issues fixes life of wat^< 
works at 25 years.** 

THREE-PLACE LOGARITHMIC TABLES* 


Table 812. Logarithms of Numbers 


N 

Log 

N. 

Log 

N 

Log 

mm 

Log 

N. 

IB 

N 

im 

20 

301 

50 

699 

80 

903 

110 

041 

140 

BRIM 


230 

21 

322 

51 

708 

81 

908 

111 

045 

141 

149 

171 

233 

22 

342 

52 

716 

82 

914 

112 

049 

142 

152 

172 

236 

23 

362 

53 

724 

83 

919 

113 

053 

143 

155 

173 

238 

24 

380 

54 

732 

84 

924 

114 

057 

144 

158 

174 

241 

25 

398 

55 

740 

85 

929 

115 

061 

145 

161 

175 

243 

26 

415 

56 

748 

86 

934 

116 



164 

176 

246 

27 

431 

57 

756 

87 

940 

117 


147 


177 

248 

28 

447 

58 

763 

88 

944 

118 


148 

170 

178 

250 

29 

462 

59 

771 

89 

949 

119 

rQ 

149 

173 

179 

253 

30 

477 

60 

778 

90 

954 

120 

079 

Rl 

176 

180 

255 

31 

491 

61 

785 

91 

959 

121 

083 

151 

179 

181 

258 

32 

505 

62 

792 

92 

964 

122 

086 

152 

182 

182 

260 

33 

519 

63 

799 

93 

968 

123 

Rnsi, 

153 

185 

183 

262 

34 

531 

64 

806 

94 

973 

124 

093 

154 

188 

184 

265 

35 

544 

65 

813 

95 

978 

125 


155 

KEI 

183 

267 

36 

556 

66 

820 

96 

982 

126 

100 

156 

193 

im 

270 

37 

568 

67 

826 

97 

987 

127 

104 

157 

196 

187 

272 

38 

580 

68 

833 

98 

991 

128 

107 

158 

199 

188 

274 



69 

839 

99 

996 

129 

111 

159 

mm 

189 

276 

40 

602 

70 

845 

BRSI 

EiSI 

KEI 

114 


204 

190 

279 

41 

613 

71 

85 le 

■ in 

004 

131 

117 

161 

207 

191 

281 

42 

623 

72 

857 

mm 

■tllMI 

132 

121 

162 

210 

192 

283 

43 

633 

73 

863 

103 

013 

133 

124 

163 

212 

193 

286 

44 

643 

74 

869 

104 


134 

127 

164 

215 

194 

288 

45 

653 

75 

875 

105 


135 

130 

165 

217 

195 

290 

46 

663 

76 

881 

■09 


136 

134 

166 


196 

•292 

47 

672 

77 

886 

107 

029 

137 

137 

167 

223 

197 

294 

48 

681 

78 

892 

■09 

033 

138 

140 

168 

225 

198 

297 

49 


79 

898 

109 


139 

143 

169 

228 

199 

299 


H 

80 


m 


140 

146 

170 

230 


301 


* John Wiley & Sons, 1900. 
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A 

Acids, formulas, 67G 
ionization, 6.*^ 

solutions, pH (joncentration, 053 
vegetable, weak, 054 
Acre-feet, equivalents, 810, 818 
Adelaide, rainfall, 23 
Adsorption, 650, 052 
Aeration, 645-049 
coke trays, 048 
deep reservoirs, 030 
iron removed, 099 
odors removed, 045 
soil, 628 
spray, 646, 648 
Aerator box, 040 
Aerators, 045 

Agar, bacteriological medium, 600 
Agitator, Dorr, 600 
Apiculture, water consumption, 575 
Air, chamber, pumping engines, 474 
water hammer, 782 
flow, 772 

gases, water absorbs, 584 
intakes, exclusion, 81 
lift pump, (see below), 
pumps, boilers, 510 
solubility, 583 
valves, 446-448 
Crispin, 447 
design, 440 
discharge, 448 
flow of air, 772 
negative-pressure, 447 
use, 446 
vaults, 359, 447 
wood-stave pipe, 372 
in water, 779 
weight, 507, 584 
Air-lift pump, 249- 259 
advantages, 254 
booster system, 258 
calculations, 252 
defined, 249 
disadvantages, 253 
efficiency, 255 
Frizell system, 250 
Ingersoll-Ilaiid formula, 252 
nomenclature, 249 
piping, types, 251 
Pohle’s system, 250, 251 
principle, 249 
return air type, 253 
Saunders, 251 
terminology, 249 
tests, 255, 250 
types, 250 
use, 249, 255 
Akron, filters, 722 

steel pipe corrosion, 325 
Albany, filters, 739 

rainfall and temperature, 12 
subsiding basin, 642 
water analysis, 020 

Albuminoid ammonia, water, safe limits, 585 
significance, 585 
tests, 505 
Aicement, 794 

Algae* canal hydraulics, 272, 297 
Connecticut waters, 609 
covered reservoirs, 709 
distribution reservoirs, 538 
growth, 638 
storage effect, 633 


Algae, stumps in reservoir, 1 10 
ill well pipes, 222 
'"Algicides, 605 
Alkali, cast-iron pipes, 387 

soils, concrete deteriorates, 373, 375, 797 
solutions, pH concentration, 053 
Alkalinity of water, corrosion relation, 810 
hardness measures, 580 
significance, 580 
test, 598 

precision, 738 
theoretical, 654 
well water supply, 051 
Allegheny river, sediment, 63 
Altitude, control valves, 451, 536 
pumping, 472 
rainfall effect, 4 
Alum (see Alumina^ sulfate). 

Alumina sulfate, 053 
acid, 653 

alkalinity, theoretical, 054 
bauxite, 053 
chlorine aids, 654 
color removal, 057 
concrete affected, 801 
corrosive, 009 
costs, 058 
range, 831 
dry feed, 070 
feeding devices, 066-076 
small filters, 719 
formulas, 070 
package, 677 
quantities, 050, 057 
reaction, 054 
solubility, (i()4 

solutions, floe formation, 051 
tanlo), 009 
volume-weight, 678 
Aluminum, atomic weight, 678 
-hydrate, slow filters, 745 
sulfate, (see Alumina). 

Ambursen dams, 145 
princii>le, 116 

American cities, water consumption, 576 • 

A. S. M. E., boiler code, 508 
A. W. W. A., cast-iron pipe speeifieations, 
381, 389 

hydrant specifications, 455 
meter specifications, 465 
pipe freezing, report, 421 
8(*rvice standards, 432 
valve standards, 436 
Ammonia, free, (see Nitrogen). 

Ammonium, salts, formula, 676 
solubility, 604 

Amortization, sinking fund reserves, 835 
Anabaena, growth, 639 
in ice, 013 
odors, 613, 614 
Anchor ice, 84 

Anchorage, bends, c. i. pipe, 404 
steel pipe, 330, 334 

Animals, burrowing, earth dams, 193, 196, 208 
Anions, 653 
Annicut, 150 

Annuities, sinking fund, 835 
Anthracite eoal, defined, 513 
evaporative power, 507 
sizes and analyses, 514 
Aphanizomenon, odor, 014 
Apishapa dam, failure, 203 
statistics, 219 

Appomattox river, run-off, 59 
Appraiuls, water-works, 829 
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A^roiiti oirerflow dams, 147, 152, 153 
dam, 190 

Apulian aqueduct, bridges, 288 
reserve storage, 535 
water consumption, 571 
Aquaphone, 425 
Aquatic growths, canals, 297 
Aqueducts (masonry), 280-300 
appurtenances, 297 
bridges, 289 • 

Apulian aqueduct, 288 
capacity, 297, 767 
loss, 283 
. required, 280 
chambers, floor covers, 300 
gate-houses, 529 
plug’ valves, 297 
cleaning, 207 

concrete-lined, capacity, 297, 767 
construction methods, 283 
cut-and-cover, 281-289 
alinement, 284 
Catskill aqueduct, 286 
vs. conduit, 283 
contraction joints, 287 
cracks, 286 

cross-section, changes, 284 
culverts, 284 
curves, 284 
economy, 280, 282 
expansion joints, 286, 287 
forms, 288 

foundation embankments, 285 
gradients, 281 
materials, 283 
vs. pipe line, 283 
shape, 281, 282 
economic gradients, 85, 281 
fences, 105 
.flow, 297, 767 
fouling, 296, 375 
gate housesf 529 
floor covers, 300 
plug valves, 297 
gradients, 280, 281 
growths in, 296, 297, 375 
Eeadworks, arrangement, 280 
under highways, 284 
hydraulic slopes, 281 
inverts, 231 
life. 836 

maintenance, 296 
overflow weirs, 281 
' pressure, gradients, 281 
profile, 280 
under railroads, 284 
screens, 298 
spillways, 281 
stop flanks, 299 
terminology, 280 
tunnels, 290-296 

capacit:!^, unlined, 296 
excavation, 290 
grade, 280, 281, 297 
leakage, 294 
vs. pipe lines, 280 
pressure, 291-295 
progress, 290 
ab%, 291 
shapes. 290 
unwatering, 297 
types, 280 
use, 280 

water temperature, 288 
Aquifer, defined,. 71 ^ 

Arbor sltiie, forestry. 111 
Arch, groinedi 544“647 
inultime^alrch dani} 143 
Ar<&«d daiiis# 135-141 
adaptaliHi^* 135 
adyantages, . .. 

constaht^irnglei 137, 141 
cracka, 135 . - ■ 

finder formula, 138 


Arched dams, existing, data, 139 
gravity type, 116 
multiple-arch, 142-145 
principle, 116 
sites, 135 
thermophones, 123 
uplift, 135 , „ , 

Area, drainage, defined, 87 
Armco pipes, 338 
Arrowrock dam, 167 
concreting rate, 159 
contraction joints, 123 
gate friction tests, 806 
outlets, tar coating, 798 
velocity, 105 
sand cement, 794 
section, 176 
thermophones, 123 
uplift, 119 

Arsenic, atomic weight, 678 
Artesian well, 75 
jetting, 228 

Ashokan dam, composite type. 116 
construction, 160 
contraction joints, 123 
data, 163, 176 
icc thrust, 118 
masonry, 802 
statistics, 218 ' 

uplift, 119, 163 
Ashokan dikes, core wall, 198 
paving, 199 
rolling, 207 
slips, 202 
statistics, 219 

Ashokan reservoir, cemeteries, 104 
clearing and grubbing, 108 
core walls, forms, 159 
stumps, 109 
wave height, 199 
Asphalt coating, c. i. pipe, 388 
steel pipes, 318, 322 
Assabet bridge, 289 
Assiut reiplator, 153 

Assoc. Factory Fire Ins. Cos., centrifugal 
pumps, 484 

standpipe specifications, 562 
valve standards, 436 
Assuan dam, data, 163 
Asterionella, ground waters, 639 
odor, 614 * 

Asioria, rainfall, 5 

Atlanta, rainfall and temperature, 15 
Atlantic City, high-pressure fire system, 402 
Atmosphere, moisture capacity, 27 
one, equivalent, 817 
pressure conversion, 818 
Attleboro standpipe, 550, 551, 552, 553, 554, 
556 

Auger boring, wells, 231 
Augusta. Ga., rainfall, 5 
Austin. Pa. dam, failure, 125 
Austin, Tex., dam, failure, 119. 125, 145 
gates, 104 
statistics, IGl, 168 
reservoir silt, 107 
Automobile camps, 625 


Bacillus (see also BcLcterio)^ acid-formers, 589 
enteriditis, 689 * 
paratyphosus, 589 
typhosus, ice kills, 613 
longevity, 611 
tests, 589 
vitality, 637, 638 
Welchii, 689 
Backfill, c. i. pipe, 404 
Backwater, damage, 93 
Bacteria coli, copper sulfate kills, J665 
count, yearly range, 611 
ground waters, 603 
. index, 589 616 
presence, significance, 591 . 
sanitary importance, 605 
temperature c^ect, 611 
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Bacteria coU» test, oonfirmad» 589 
poaitive, 611 
indecision, 738 
prCaumptive, 689, 503 
value, 680 , 

vitaUty, 637, 688 
well water, 604 
Bacteria, denitrifying, 603 
filtration removes, 702 
ground waters, 602, 603 
iron, 688 

corrosion, 387 
longevity, 626, 637 
Ohio River, 616 
origin, 637 
precipitation, 65Q 
removal, colored waters, 657 
rapid filters, 729 
turbid waters, 657 
significance, 689 
81 sc, 702 
soil, 603 

species work, 589 
surface waters, 010 
tost, precision, 738 
Bacteriolo^, of water, 688 
Baden-Baden, spnngs, 208 
Bafiies, contact, 695 
mixing coagulants, 659 
reservoir, 536 
sedimentation basins, 044 
Baldwin reservoir, construction plant, 541 
Balmorhea, dam, construction, 20S 
reservoir, paving, 201 
Balsam, forestry, 1 1 1 
Baltimore, filters, 743 

high-pressure fire system, 402 
Loch Raven reservoir, 107 
rainfall, 5, 14 
subsiding basin, 642 
temperature, 14 
Barium, atomic weight, 678 
carbonate, coagulant, 655 
formula, 677 

waW softening, 085, 089, 693, 694 
salts, poisonous, 685 
Barker dam, data, 163 
Barnaul, rainfall, 23 
Barometer, heights, pressures, 472 
records, U S , 826 

Barossa dam, data, 139, 1(|3, 177, 187 
Basins, cleaning, 640 
mixing, 659, 600 
sedimentation, 536 
subsidence, 640-044 
Bassano dam, composite type, 116 
concreting in winter, 795 
construction, 160, 207 
gates, frost protection, 455 
movable crest, 104 
Basswood, forestry. 111 
Bathing, in reservoirs, rules, 626 
Baths, public, water consumption, 571 
Bauxite, 653 

volume- weight, 678 
Baxin, weir formula, 785, 791 
Bear valley dam, data, 139, 163, 178 
Bearings, centrifugal pumps, 48(1 
Beech, ornamental planting. 111 
Beetaloo dam, data, 163, 178 
Belabula dam, 141 
Belfast (Me.)» filters, 744 • 

Bell-and-spigot pipe, 389, 408, 412, (see 
CdBtriron pipe). 

Belle Fourehe dam, paving, 200 
statistics, 218, 219 
Belt drive, pumps, 520 
Benda, cast-iron pipe, 407--411 
quarter, standard flanged, 345 
pipe, combined, 408-411 
steel pipe, 330 
Beowmine, Nev., rainfall, 5 
Berlin, rainfall, 23 
Berm, earth dam, 203 
Be^mada grass, embankments, 112 
Bemottp’s theorem, 651 
B^wa dam, data, 161, 168 


Bibliography (see end of each ohapter). 

Big Meadows dam, statistics, 21$ 

Birch, white, ornamental planting, 111 
Bismarck, raii^all, 5 
Bitose, 315 

Bitumaatic enamel, 317, 388 
Bituminous coal, evaporative power, 507 
Black Canyon dam, concrete proportions, 795 
sluice gates, 454 
type, 146 

Bleaching powder, 662 
disinfectant, 632 
feeding, 673 
formula, 677 
package, 677 
volume- weight, 678 
Blister, rust, 111 

Blocks, concrete, mnsonry dams, 159 
Blow-offs, distribution systems, 420 
Blue vitriol, 665 

Board of Water Supply, (sec also Catskill 
waitr aupplj/) 

clearing ana grubbing, 109 
Boating, on reservoirs, rules, 626 
Bog Brook dam, statistics, 219 
Bouer, steam, 506-512 
air pumps, 610 
coau, evaporative power, 607 
combustion, 506 
compounds, 687 
conaensors, 510 
corrosion, 681, (>87 
evaporation, ^6 
feed pumps, piston spt'ed, 480 
fced-wat<*r, heating, 609 
troubles, 681, 682 
firing, 508 
foaming, 682 
fuel economizers, 510 
hard waters, ($80 
heating surface, units, 607 
horsepower, 506 
life, 836 
makers, 506 
oil burning, 512 
pnrnmg, (>82 

rating, chimney height, 616 
regulations, 508 
scale formation, 681 
selecting, 608 
stokers, 508 
superheat, 609 
vacuum^ 611 
Boiling point, water, 507 
Bolts, dimensions, 341 
flanged joints, 389 
weight, 344 
Bombay, rainfall, 23 
Bonds, waterworks, 832 
Bonna pipe, 376 

Boonton, dam, data, 161, 163, 169, 178 
ice thrust, 118 
masonry, 802 
temperature cracks, 123 
uplift, 119, 163 
reservoir, color reduction, 631 
Booster pump, air lift, 258 
distribution system, 470, 529 
**Boothal,” volume-weight, 078 
Boquilla dam, uplift, 120 
Borden Brook dam, statistics, 218 
Bore-holes, (sec WeUs). 

Boring, auger, wells. 231 
Boron, atomic weight, 078 
Borromite, zoolyte, 687 
Boston, evaporation records, 32 
high-pressure fire system, 402 
metering, results, 467 
rainfall, 5, 9 
solid-gate valve, 436 
storage reservoirs, 91 
temperature, 9 * 

Boulders, floods transport, 61 
well sinking, 235 
Bonxey dam, failure, 117 
Box, weir, 790 
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Boxes, meter, 467 
gate-valve, 440 

Boyd*8 Comers dam, data, 163, 178 
Brake horsepower, 471 
Brass, cracking, 800 
service pipes, 432 
Brick chimneys, 517 
Bridgeport, storage reservoirs, 91 
dam, height raised, 160 
Bridges, aqae^et, 289 
Apulian, ^8 

impounding reservoirs, 104 
pipe on, 419 
leadite, 413 
protection, 404 
steel pipe, 334, 339 
wood-stave pipe, 372 
Bridgewater, dam, foundation, 214 
pumping, 216 
settlement, 214, 215 
standpipe, 553, 554 
Brisbane Queensland, rainfall, 23 
Bromine, atomic weight, 678 
Bronze, 805 808 

on bronze-friction, 455, 805 
corrosion, 807 
cracking, 806 
manganese, 806 
valve stems, 437 

Brookline, deferrization plant, 700 
infiltration gallery, 200 
Brookljm, infiltration gallery, 261 
Brooks, gaging flow, 42 
Broths, bacteriological media, 600 
Brownian movements, 651 
Brule dam, stream control, 158 
uplift, 120 

Brussels, ground-water yield, 74 
infiltration galleries, 260 
Buckets, overflow dams, 147, 152, 153 
Buffalo, high-pressure fire system, 102 
Buildings, cost, 530 
on reservoir site, 109 
Bump joint, pipes, 355 
Burldi-Ziegler, run-off, 01, 95, 284, 285 
Burlap covering, steel pipe, 318 
Burlington, Vt., rainfall, 5 
Burmus Paper Co. dam, 156 
Burraga dam, data, 163, 177 
Burrator dam, data, 164 
Burrin Tuck dam, 163, 802 
Burrowing animals, earth duniH, 193, 19(), 208 
Bursaria, odor, 614 
Butt joints, 302, 309 
triple-riveted, 310 
Butte City dam, data, 161, 169 
Buttress, multiple-arch dam, 143 

C 


Cabin John Bridge, 289 
Cables, electrolysis, 428 
well measurenieiitH, 212 
Calaveras dam, 210, 216, 219 
Calcium, atomic weight, 078 
hypoenlorite, 662 
disinfectant, 632 
salts, formulas, 07G 
solubility, 659 
Calcutta, India, rainfall, 23 
Calexico, ovaporaCion, 31 
California, ground water resources, 77 
method, well sinking, 223, 225 
rainfall, 2, 22, 60 
nm-off curves. 66 
Southern, rainfall and run-off, 00 
streams, records, 42 
temperatures, 22 
CaUdng, cast-iron pipe, 412 
steel pipe, 328 
Calyx drifi, 229 
Cambria dam. statistics, 218 
Cambridfe, filters, 743 
rainfall, 3 ! , . 

Canals (see also Open channels) 
aquatic growths, 297 
sections, 269, 270 
Cane Croak, floods, 62 


Cantonments, water waste stopped, 423, 424 
wood-pipe, 359, 367 
Capacity tables, 815 
Cape Town, rainfall, 23 
Capillary, rise, ground waters, 73 
tubes, flow, 756 
Carbolic acid, disinfectant, 632 
Carbon, atomic weight, 678 
dioxide, carbonation, 686 
deferrization, 699 
in ground waters, 603 
solubility, 583 
test, precision, 738 
water analysis, 598 
weight, 584 
Carbonation, 686 
Carbonic acid, aeration, 646, 647 
Cascade aerators, ti45 
Casings, contrifugal pumps, 485 
wells, 224, 226, 233 
corrosion, 24() 
dimensions, 351 
Baf(‘, 630 
sinking, 226, 230 
Cast iron, corrosion, SIO 
Cast-iron pipe, 381 397 
advantage, 381 
air valves, 446 
bedding, 403 
bell-and-spigot, 389 
advantages, 381 
nnrhorage, curves, 389, 404 
bends, anchorage, 389, 404 
calking, U2 
room, 405 
cement joints, 415 
cost, 385, 386, 105 
range, 831 

relative, 358, 359, 369 
curves, 407-411 
deflertion at curves, 408 
design of pipe*, 384 
diameter, non-standard, 381 
disadvantagi's, 381 
English standards, 382 
expansion joint, 393 
factory-made joints, 394 
failure, 301 
method, 399 
settlement, 103 
fittings, speciid, 382 
wood pipe, 367 
flexible ball joints, 394, 416 
foundations, 403, 104 
large, dangers, 399 
laying, 103 407, 417 
cost, 369 
length, 389 

lead joints, 412, 413, 415 
solid joint, 405 
lead-hydro-tite, 415 
leadite, 413 
leakage, 426-428 
testing, 411 
vs. lock-bar, 381 
maintenance, 419 
manufacture, 383 
manufacturer’s standard, 381 
plugs, 404, 41 1 
simplex prepared, 305 
specials, 382 

curve con^binations, 409 
wood-atav<’ pipe, 367 
sperifieations, 381, 389 
testing, 418 

after laying, 411 
well casing, 234 
bends, 409 
loss of head, 769 
breakages, 385 
rocks, 403 

on bridges, 404, 413, 419 
capacity, 387, 757, 758, 705 
age effect, 765, 756, 758 
vs. riveted steel, 301, 399, 762 
tests, 758, 764 
vs. wood* 766 
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Ca«t*iron pip0» oement-lined. 374, 388 
cleaning, 421 
coating, 38$ 
depreciation, 387 
connections, 382 
corrosion, 387, 810 
cutting, 412 
de Lavaud, 395 
depreciation, 387 
depth of laying, 404 
design standards, 382 
disadvantages, 381 
discharge, 387, 757, 758, 765 
electrolysis, 428-431 
excavation, 406 
filling, 412 

fittings, flanged standard, 301 
flanged, 389 

flow (see Capacity above). 

French pipe, 3i)5 
French standards, 382 
fription-head, diagraiiis, 757, 75<S 
table, 755 

high-pressure pipe, 393, 301, 300, 403 
hi-tensile, 383 

hub-and-spigot, 389 (see bdl-and-i>tngot 
above). 

in marshes, 388 
inspection, foundry, 383 
lead-lined, electrolysis, 809 
life, 388, 836 

new, friction-head tables, 759 
nodules, 387 

old, friction-head, tables, 759 
pressure regulation, 4 18 
protection, 388 
salt marshes, 418 
sand-spun, 395 
sewers, relation, 406 
vs. spiral-riveted, 339 
vs. steel, 301, 399 
stream crossings, 416-119 
stresses, refill, 383 
superheat, 509 
thickness, 382 
threaded, 393 

trench dimensions, 401, 405 
tuberculation, 381, 387, 388, 410, 813 
two per street, 400 
universal pipe, 395 
use, 381 

victaulic joint, 394 
welding, 340, 347, 420 
Castings* steel, vs. c i , 382 
weak, reinforcing, 385 
Cataract dam, data, 104 
Catawba dam, earth statistics, 219 
masonr>r, data, 161, 109 
Catawba river, floods, 02 
Catchment area, (see Watershed) 
sanitary patrol, 025 
Catskill Aqueduct, aerator nozzh's, 610 
air removal, 779 
bitumastic enamel, 317 
bronze composition, 805 
Bryn Mawr siphon, life, 812 
burlap coating, 318 
capacity, 280 
Chezy’s C, 272 
concrete, experience, 797 
mix, 283 
cracks, 280 
culverts, 285 
cut-and-cover types, 281 
expansion joints^ 287 
fences, 105 
forms, 288 

gate-houses, 529, 530 
gate valves, operation, 444 
gradients, 281 

S outing, 294, 803 
ill View reservoir lining, 540 
hydraulic properties, 272, 282 
lock'bar pipe, vs. riveted, 765 
specifications, 311 
manganese bronxe, 806 


Catskill Aqueduct, mortar lining, pipes, 322 
Narrows siphon, coating, 388 
leakage, 418 
open-cut sections, 286 
overflow weiss, 281 
pickling steel pipe, 314 
pressure tunnels, ^1, 295 
cement soluble, 794 
reserve storage, 535 
reservoirs, use, regulations, 626 
screens, 299 • 

siphons, flow, 769 
slopes, 281 

steel pipe, cover, earth, 330 
design, 307, 313 
lining, 323 
rivet siz(‘, 302 

riveted joints, design, 30<)-310 
riveting, specks., 302 
siphons, 323 
steel plate, 310 
tunnel, leakage, 290 
tunneling rates, 290 
valve sizes, 437 
valve sterns, bronze, 437 
Venturi meters, 403 

Catskill Water ^ Supply, (sec also above, and 
Ashokan, Kenniro, Srhoharu). 
clearing and grubbing, 109 
grassing specifications, 113 
grouting, 127 
reforestation, 111 
Caustic soda, formula, 677 
package, 077 
water softening, 084 
Cedar, red, ornameiit.'il planting, 111 
white, fori'sfry, lit 
Cedar Grove dam, statistics, 220 
Cedar River reservoir, leakage, 108 
Cellular dams, 141-146 
Cement, 793 
alumina, 794 
gun, lining pipe, 323 
lim'd pipe, 374, 388 
capacity, 297 
electrolysis, 429 
services, 374, 432 
pipe, 373 
pipe joints, 415 
vs metulium, 414 
solubility, 794 
tufa, 794 

Cemeteries, distribution system, 407 
reH(*rvoirs, 104 
Centrifugal, c i pipe, 395 
concrete pipi*, 377 
Centrifugal pumps, 482-497 
adaptability, 482 
advantages, 484 
air troubles, 488 
bearings, 480 
bed plates, 486 
brake horsepower, 494 
capacity, curves, 495, 496 
relations, 489 
casings, 485 
characteristics, 494 
cheek valves protect, 451 
defined, 471 
designing data, 487 
Diesel <'ngines, 483 
dimensions, 489-491 
disadvantages, 484 
dry wells, 484 
efficiency, 494, 495 
calculations, 494 
vs. other pumps, 495 
electric drive, 487, 520, 522 
adaptability, 482 
characteristic curv<*s, 495 
motor proportions, 524 
engine drive, 488 
fire-pump design, 495 
firc*-8ervice, 485 
fittings, 487 
floor space, 489-491 
foot valves, 489 
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Ccotrlfliial pomps* foundations, 486 
m^s engines, 483 
bead, relations, 489 
borirontal vs v< rtical, 484 
horsepower diagram, 402 
impellers, 485 
life, 836 
noise, 489 
operation, 488 

senes and parallel, 484 
performanocr477, 497 
power relations 489 
pressure relations, 489 
prime movers, 487 
pnmmg, 489 
troubles, 484 
principle, 482 
vs rt ciproea ting, 476, 484 
shafts, 485 
specifications, 483 
speed, chart, 403 
correct, 482 
excessive;, 498 
rdationa, 489 
specific, 489 
stages, 484 

steam engine drive, 482 
stu^ng boxes, 488, 499 
suction pipe, 488 
testing, 488 
throttling, 484, 488 
troubles, 488 
turbine type, 483 
vertical vs honaontil, 4S4 
volute-type, 48 i 
water-hammer danuigt , 7S1 
wells, 248 
Chalk* porosity, 78 
volume-weight 078 
Chambers* aqueduct, 300, 529 
plug dram valves, 297 
Channela* overflow, loeatiou 91 
open, 269-279, (see Open chxnn Is) 
proportions, 93 
spillway, n quisiies, 146 
Charleston* evaporation, 33 
Obose Cre ek floods, 62 
rainfall 5 

reservoir, floating bottom 1 10 
Chartrain dam* data, 104, 179 
Chattanooga* rainfall, 5 
Check valves* 451, 452 
cross-oonncctions, 403 
industrial connections, 403 
loss of head, 770 
substitute, 443 
Chemicals* 653-661 
application, 666-076 
concrete protci ted, 801 
costs, 658 
dry feed, 670 
flow measurement, 792 
formulas, 67b, 077 
materials attacked, 609, SOI 
specifications, 053 
stream gaging, 42, 745 
well tests, 74 
Cheoab river weir* 155 
Cherokee dam* 146 
Cheyenne* Wyo , rainfall, 5 
Chegy formula, 764 
open channels, 272 
Chicago* intakes, loe, 83 
tunnels, 292 
tests, 767 

pumping costs, 474 
rainfall and temperalurt, 10 
Chicopse standpipe* 558 
Chili* rainfall, 21 
Chimneys* 616-520 
bnek, 617 
life, 516 
capacity, 616 
cost, 617 
function, 616 
height, 616 
life* 866 


Chimneys* lightning protection, 612 
metal, life 335 
Monoyer, 518 
proportioning, 516 
reinforced concrete, 518 
steel, 516 
temperatures, 619 
China* rainfall, 23 
Chloramme* disinfection, 662 
Chlonde, of lime, 602 
water analysis, 597 
Chlonnated Umc, 662 
Chlorination* tastes and odors, 663 
Chlorinators* 074, 676 
Chlorme* 062 
algicide, 065 
atomic weight, 678 
luaguHtion aided, 054 
dcoolonaer 054 
formula 677 
gis, tircssurcs, 676 
solubility 583, 003 
liquid feeding, 073 
map 580 
paikage C77 

pipe cleaning effect, 703, 813 
in ram water, 001 
volume, 678 
w iter analysis, 600 
Bignifleaiicc 587 
test, precision 738 
weights 001, 678 
Chloroform, formula, 676 
Chlorophyceae* Uguidcs, 079 
giowth 038 
odor 014 

Chromium* atomic weight, 078 
Cincinnati* filti rs 743 
high pressure fire system, 402 
intake tunnels, 293 
rainfall 4 

water analysis, 615, 616, 620 
Circles* area 752 
eireumferenee, 762 
mathematital properties, 752 . 
Circumference* circles, 752 
Cisco dam* foundation, 145 
Cisterns* ram water 695 
City* population studies, 828 
streets, pipe storage, 329 
Clackamas River* dpm, grouting, 127 
Clark* hardness degrees, 697, 081 
Ctathrocystis* odor, 614 
Cla/* eroding velocity, 106, 270 
ground water in 75 
open chanm Is, 270 
porosity, 78 

settlement m water, 100 
BIBO classification, 793 
sluicing. 210 
well sinking, 235 
Cleaning* water mams, 421 
chlorme effect, 703 813 
Clearmg, reiservoirs, 108 
Cleveland* filter^ 744 
high-pre-HSure fire system, 402 
intake tunne Is, 293 
subsiding basin, 642 
watel*, tastes and odors, 012 
Cloudbursts* extent, 93 
Coagulants* 653-601 (see also ChetniocUs) 
application, 66^1-676 
costs, 658 
formulas, 676 
quantities, 057 
Coagulating basms* 040-644 
vs filters, 731 
use, 659 
velocities, 660 
Coagulation* 650-661 
adsorption, 650 
alkalinity, theoretical, 654 
chlorine aids, 654 
colloids, theory, 651 
’ colored waters, 654 
contact baffles, 697 
corrosion effect* 661 
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Cowtotion, defined, 6IK) 

6ffioien(^, 659 
tnixing, 659, 660 
period, 660 
pH-ooncontration, 651 
optimum value, 661 
preapitation, 651 
purpose, 650 
rapid filters, 660 
slow filters, 660 
soft mfaters vs hard, 652 
storage effect, 633 
vegetables retard, 652 
water softening, 685 
Coal (see also Fuel) 
anthracite, 507, 513, 514 
bituminous, evaporative power, 507 
consumption, duty relation, 478 
cost, 474 
range, 831 

evaporative pewer, 507 
feed-water heaters save, 510 
heat units required, 477 
kinds, boiler effect, 507 
mixed, 515 
vs. oil, 512 
pulverized, 515 
pumping costs, 512 
sampling, 514 
specifications, 513 
weight, 512 

Coal-gas, tar, coating, 319 
disinfectants, 631 
pitch, coating, 315 
Coatings, cast-iron pipe, 388 
reinforced- concrete standpipe, .555 
steel pipe, 315-322, 328 (see pipe) 
steel work, 814 
wood-stave pipe, 371 
Cobalt, atomic weight, 678 
Cochituate, acmoduct, fouling, 296 
river, run-off, 68 
Coefficient, dilatation, 124 
friction (see Flow) 
storage, 90 
uniformity, 80, 703 
variation, stream-fiow, 89 
Coelosphaerium, odor, 614 
Cold Spring dam, statistics, 218, 219, 220 
Collection of water, 81-268 a 
CoUoids, 651, 652 

Color in water, coagulation required, 0.50 
pure, 583 

reduction, chlorine, 655 
rapid filters, 729 
storage, 634, 635 
standard desired, 637 
tests, 585, 594 
Colorado river, floods, 94 
run-off, 69 
silt, 62 

Columbus, Ohio, filters, 710, 744 
mixing tank, 660 
water softening, 692 
Columns, reservoir, 543, 548 
Combustion, 506 


Commercial pipe, 340 
Companion flanges, 344 
Compensation water, 03 
Composite dams, 116 
Compound meters, 464 
Compression tanks, 502 
Conconully dam, gates, 105 
statistics, 220 
Concord, rainfall, 3 
Concrete, 793-803 
Abrams’ methods, 795 
aggregate, 705 
alkali soils, 373, 375, 797 
aquednet speoifioations, 283 
blocks, masonry dams, 150 
bonding new work, 159 
cement. 793 
loss, leaching, 122 
core walls, 196 
diMnt^nration, 373, 375 
flurabUity, 797 


Concrete, on earth foundation* 643 
eleotrolysis, 812 
erosion, 276, 797 
forms, aquedqpts, 288 
dams, 159 

freezing weather, 795, 796 
fresh, withstands flood, 148 
groined arches, 547 
impermeability, 800 
jackets, steel pipe, 322-325 
leakage prevention, 555 
limestone, aggregate, 813 
lining, distribution reservoirs, 538 
fouling, 297 
steel pipe, 322-325 
mixing by weight, 796 
mixtures, conduits, 376 
proportions, 795 
paints, 800 
paving, 2(X) 
pipes, 373 

placing, rate, dams, 159 
in winter, 796 
proportioning, 795 
lach, permeability, 800 
sand, 793 

setting, temperature, 122 
slump test, 795, 796 
Rpecificatiuns, 794 
stresses, A mburson' practice, 146 
surfaces, tar coating, 798 
temperature eraeks, 122 
tensile strength, 123 
tile, :i7.i 

water, alkali, 797 
waterproofing, 799 801 
wells, 2 J4 
Condensers, 510 

Conduits, 280-300, (see Aguedurta). 
aquatie growths, 297 
diversion, 85 

earthquakes, 828 • 

horse-shoe, now, 769 
hydraulic elements, 749, 752, 753 
masonry, capacity, 767 
flow, 707 

monolithic concrete, 378 
vs open channel, 209 
pressure, 280 

reinforced-eoncreto, 374-376 
sernieireular eoneretc, 379 
steel pipe, (see Hietl pxp(). 
subaqueous, 325, 416 
twin, steel, 329 

Conglomerate, ground water in, 76 
Conifers, forestry. 111 
Connecticut river, dam data, 161, 169 
run-off, 44 , 

Constant -angle arch dam, 137, 141 
Construction, interest charges, 832 
Continental Divide, rainfall and run-off, 60 
Contraction joints, dams, 123 
flumes, 278 

Controllers, filters, 716, 731, 732 
motor, 453, 524 
Converse joint, pipe, 352 
Conversion tables, 815 
Coolgardie pipe, 318, 325 
Copper, atomic weight, 678 
coagulants affect, 669 
corrosion, 808 
poisoning, 587 
service pipes, 432 
sulfate, 665 
algae dose, 297 
formula, 677 
package, 677 
volume-weight, 678 
Coqultlsm dam, statistics, 218 
Core, drill method, wells, 223. 229 
drills, well sinking, 229 
hydraulic fill dam, 211 
loam, 195 
masonry , 196 
concrete, 196 
grouting, 197 
paving substitute, 198 
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Corel masonry, reinforced concrete, 108 
position, 194 
puddle, 195 
purpose, 193 
rock-fill dams, 189, 195 
sheet piling, 194 

Corfino dam, rapid construction, 135 
Corporation cocks, 431 
head lost, 434 
Corrosion, boilers, 681, 687 
bronses, 807 
cast-iron pipe, 387 
chemicals, 669 
Gerhard’s studies, 348 
metals, 808 

pH value relation, 661 
service pipes, 431 
sodium silicate, 656, 661 
soil, 429 
steel pipe, 325 

Costilla Creek dam, construction, 208 
, outlet, 94 

Couplings, steel pipe, 352 
wood pipe, 364 
Covers, wells, 235 
Cracks, flow of liquids, 771 
Crenothrix, 588 
Creosote, metal paint, 321 
wood pipe, 369, 371 
wood tanks, 569 • 

Cresol, disinfectant, 632 
Crest, gates, flat-slab dams, 146 
movable, spillways, 103 
roller, 104 
Crib, intake, 81 
Denver, 261 
Crispin air valves, 447 
Crops, rainfall intercepted, 66 
water-table relation, 72 
Cross, reducing, flanged, 392 
standard flanged, 345 
Cross River 41am, concrete blocks, 150 
data, 164 

grouting foundations, 120 
ice thrust, 118 
temperature cracks, 123 
uplift, 119, 164 
water control, 158 
Croton, aqueduct, tunnels, 292 
dam, statistics, 218 
flow, dry years, 65 
rainfall, 4, 5 
reservoirs, operation, 86 
water analysis, 623 
river, run-off, 47, 64, 07, 68, 70 
water, treatment, 625 
watershed, rainfall and temperature, 12 
Croton Falls dam, data, 164, 179 
ice tlirust, 118 
temperature cracks, 123 
uplift, 119, 164 
Crustaceae, growth, 639 
Cryptomonas, odor, 614 
Crystal Springs dam, leak, 122 
Crystalite, aeolyte, 687 
Crystalline rocks, ground water in, 77 
Cubic, centimeters per L., to milligrammes, 584 
feet per second, equivalent, 815 
Culverts, aqueducts, 284 
pipe, 407 
r&faU data, 1 
wood, creosoted, life, 371 
Cur^, wells, 233, 631 
Current meters, 464, 405 
pipe measurements, 459 
stream gaging, 40 

Curtains, dams on porous foundations, 153 
Curves, cast-iron pipe, W-411 
channels, hydraulics, 276 
frequency, o 
stew pipe, 330 

Cut-off walls, masonry dams, 126 
Cyanophyceae, Slgioides, 679 
growth, 639 
<^ors, 613, 614 
Csrclopean masonry, 802 
econoipy, 159 


Cyclotella, odors, 613, 614 
Cylinder, capacities, 820 
formula, arch dams, 136 
hydraulic, gate valves, 444 
oil, specifications, 480 
pipe, 376 

pumping engines, calculations, 480 
thick hcfllow, formula, 827 
Cylindrical gate valves, 453 
Cypress, wood-stave pipe, 369, 360 

D 


Dale Dike dam, statistics, 220 
Dams, adaptability, 116 
Ambursen, 145 
principle, 116 
cellular, HI- 146 
composite, 116 

curved masonry, 135-141, (see Arched dame), 
earth, 193-221 (see Earth dams). 
earthquake damage, 189, 828 
failures, 117 
flat-slab, 145 

vs. multiple-arch, 142 
principle, 116 

foundations, pervious, 149-157 
studies, 118 
hollow, 141-146 
economy, 117 
I)orous foundation, 116 
priu(;iple, 116 
ice, damage, 117 
thrust, ]J7 

masonry, 116-188, (see Masonry dams). 
multiple-arch, 142 
gunite, 119 

overflow, 146-148, 101, 102 
aprons, 147, 152, 153 
ogee face, 151 
stilling pool, 274 
surcharged, 145 
water cushion, 148 
on pervious foundations, 149-157 
curtains, 153 
design, 157 
fore apron, 153 
hollow, 116 

hydraulic gradient, 151 
rear apron, 152 
repairs, 150 
sheet piling, 153 
talus, 155 
types, 150 

plan, curved vs. straight, 117 
regulating, open channels, 276 
rock-fill, 189-192 
adaptability, 116 
cores, 189, 195 

solid gravity, (see under Masonry dams). 

spillway, 14fi-148, 161, 162 

state control, 160 

steel, durability, 812 

timber, 116 

typos, 116 

Danube river, run-off and sediment, 63 
Darcy, ground- water flow, 78 
pipe flow, 754 
Darley leak locator, 425 
Davenport, Iowa, rainfall, 5 
Davis Bridge dam, construction, 209 
“spillway, 94 *’ 

' statistics, 219 
Deactivation, 431, 695, 810 
Deaeration, corrosion, 387 
Dean valve control, 443 
Death rates, typhoid fever, 592 
Debt, liquidation, equal payments, 835 
Decalso, eeolyte, 687 
Decomposition, nitrogenous, 602 
Deer Flat reservoir, paving, 202 
Deferrization, 699-701 
filtration rate, 716 
• Memphis, 649 
Defiance, O., water softening, 693 
Degasification, 695 
Denri weir, 150, 156 
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de LuvAud. east-iron pipe, 395 
Belaware mer, doods, 94 
water nnalyais, 617, 618, 619, 620 
Delivery of water. Part III, 269-581 
Demanganization, 701 
Denver, Cheesman, storage reservoir, 91 
conduit, 375 
infiltration gallery, 260 
rainfall, 4, 5, 18 
temperature, 18 

Depreciation, sinking-fund reserve, 835 
waterworks, 830 
Depth, critical channels, 271 
mean, canals, 274 
Derwent reservoir, seepage, 1 26 
Des Moines, infiltration gallery, 261, 265 
Detectaphone, 425 
Detector, pipe, 426 
Detroit, filters, 742 

high-pressure fire system, 402 
rainfall, 5, 16 
subsiding basin, 642 
temperature, 16 
Diabase, porosity, 78 
Diagram, logarithmic, 757 
mass, stream flow, 88, 92 
Diamond drills, wells, 229 
Diaphragm, flow measurements, 42 
Diatomaceae, algicides, 679 
odor, 614 

Dickens, run-ofT formulas, 65 
Dictyosphaerium, odor, <il4 
Diesel engines, 527 
centrifugal pumps, 483 
^crating costs, 521 
Differential intake, 83 
Dikes, (see Earth darns). 

Dilatation, coefficient, 124 
Dinobryon, odor, 614 
Discharge, river, (see Run-off), 63 
Disinfectants, application, 666-676 
heat, 661 

solution formula, 631 
sunlight, 661 
Disinfection, 661-666 
excreta, 631 
Disk meters, 463, 465 
DistiUation, 695 

Distribution of water, (Part IV), 381-581 
Distribution reservoirs, 533 570 
appurtenances, 53o • 

baffles, 536 
check valves, 536 
circular, merits, 542 
classes, 538 
columns, 543, 548 
construction plant, 541 
control valves, 536 
cost, 530 

depth of water, 538 
earth cover, 544 
earthquakes, 828 
effluent pipe, 536 
essentials, 524 
fire pressures improved, 533 
floors, 539, 543 
flow line, elevation, 633 
foundations, 543 
function, 533 
gate chambers, 536-538 
influent pipe, 536 
leakage, 541, 544 
life, 836 
lining, 538-541 
function, 534 
location, 533 
masonry roofs, 709 
open vs. covered, 538 
overflows, 536 
paving, 539 
pollution, 538 
protection, sanitary, 625 
vs. pumping, 522, 534 
reinforced-concrete, 542 
advantages, 534 
lining, 539 
in rock, 542 


Distribution roservoirs, roofs, 544-547 
flat-slab vs. groined arch, 547 
floating, 544 
groined arches, 544 
masonry, 709 
vs. open, 538 
typical, 710 
wooden, 544 
shallow vs. deep, 638 
size required, 5^4 
skimming weirs, 536 
slab roof, 710 
slope paving, 539 
walls, 541, 544 
typical, 710 

water-level recorders, 569 
Distribution systems, 398-435 
air valves, 398, 420, 446-448 
arterial system, 398 

bell-and-spigot joints, 412 -416 (see Catdriton 
pipe.), 

blow-off valves, 420 
calking, 412 

cast-iron pipe (see Cast-iron). 

vs. steel, 399 
cement joints, 415 
cemeteries, 407 
check valves, 452 
cleaning, 421 

chlorine, effect, 763, 813 
computationa, 399, 773 780 
connections, hydrants, 457 
wot, 419 

corrosion studies, 809 
cost data, 405 
cross-con ne(ftions, 403 
clieck valves, 453 
culverts, 407 
dependability, 402 
design, 309 
direct pumping, 409 
drinking fountains, 430 
earthiiuakc^s, 828 
electrolysis, 428—430 
cause;. 428 
renipaies, 429 
excavation, 404-406 
fixtciisions, costs, 832 
f|iilures, 402 

feeriers, secondary, sizes, 398 
filling, 412, 777 
fire protection, 401-403 
costs, 402 
fire streams, 401 
industrial, 403 
insurance rates, 399 
fire service pressure, 400 
flow calculations, 399, 773-780 
freezing, 420 
gate valves, 436-446 
gridiron system, 399 
high-pressure, 393, 394, 396, 403 
house-to-house inspections, 426 
hydrants, 455-458 
spacing, 401 

industrial fire protection, 403 
joints, cement, 415 
factory-made, 394 
lead, 412, 413, 415 
lead removal, 413 
lead wool, 416 
lead-hydro-tite, 415 
leadite, 413 
making, 412-416 
metalium, 414 
leakage, 425-428 
control, 425 
detectors, 425 
high-pressure, 402 
records. 426-428 
losses in distribution, 423-428 
maintenance, 419-423 
map, 398, 440 * 

marshes, salt, 418 
materials, 399 
cast iron, 381 
meters, 459-468 
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Distfibtttloii iyetems, operation, 419-423 
parallel lines, Eow, 775, 770 
i^pes (see also Cast-^ron pipe), 
on bridges, 419 
Chlorine effect, 763, 813 
cleaning, 421 
cutting, 412 
jointing, 412-416 
laying, 403-407 
bends, 401-411 
costs, 40o 
curves, 407-411 
depth, 398 
testa, 411 
line raising, 420 
locator, 425 
siaes, 398 

submerged, 416-419 
pitomotcr surveys, 424, 426 
pressures, 399 
isolated section, 441 
regulation, 448 
pumping, 460, 470, 472 
direct, 469 
vs. gravity, 470 
railroad crossings, 407 
requirements, Bd. Fire Underwriters, 398 
general, 398 

servioes, 431-434 (see Sfriirte). 
sewers, interference, 381 
relations, 406 
sises, 398 
sleeves, 420 , 
sprinkler systems, 403 
stream crossings. 416 410 
submerged pipe linos, 416 419 
surveys, 424, 426 
electrolysis, 429 
waste, 425 
thawing, 421 

trench dimensions, 404, 405 
trenching machines, 406 
valves, location, 440 
sises, 437 
waste, 423 
control, 426 
surveys, 420 

water unaccounted for, 423 
watering station, 430 
wet connections, 410 


wood-stave pipe, 358, 367 
]>ive culverts, 284 
Divers, manhole size, 82 
Diversion, conduits, 85 

dams, pervious foundations, ltd 157 
Divining rod, futility, 72 
Diz River, dam, 191 
reservoir, piers, 104 
Dodge Oity, ICan , rainfall, 5 
Dolomite, porosity, 78 
Don Pedro dam, dense face, 119 
Dorr, amtator, 600 
darifiers, 640 

Doimlns flr, wood-stave pipe, 360 
Drsn* forced. 506, 516 
reservoir, defined, 87 
» studies (see Yield). 

Dcsinsge, area (see also Watershed). 
defined, 87 
earth dams, 206, 217 
hydraulic fill dams, 217 
v^s, masonry dams, 119, 160 
Dresser joints. 340 
DriUsi sorts, wells, 229 
Drinmng fountains, 430 
Drop-down, open channels, 273 
Droughts, 2B 

Druid Itfe dam, statistic, 218, 220 
Drum gates, on flat-olab dams, 146 
Duluth, Minn., r^all, 5, 17 
temperature, 17 
Dunnings dsm, data, lol ^ 

Duopil, »«olyte. 687 
Duplex pump, 474, 477 
Button cui^es, strem fiow, 42 
vs. mass curves, 89 
Duty, safe station, 531 
steam jumping pleats, 478 


E 

Earth dams, 193-221 
adaptability, 193 
berm, 203 

burrowing animals, 208 
classification, 193 
construction, 202-209 
contents, 208 
cores, 193-198 
design, 202-209 
dimensions, 218-221 
drainage, 205 
earth placing, 207 
earthquakes, 828 
failure, 208, 209 
overtopping, 03 
seepage, 205 
foundations, 205 
freeboard, 202 
vs. gravity masonry, 116 
highways on, 202 
hydraulic consolidation, 208 
hydraulic-fill, 209-218 (sec Hydraulic fill). 
imporviousncbs, 204 
leakage, 207 
life, 836 
materials, 203 
merits, 103 
outh'ts, 205 
paving, 198-202 
rc<iuirornent8, 193 
rolling embankmenl, 206, 207 
saturation plane, 204 
settlement, 203, 211 
shrinkage, 203, 214 
slopes, 203, 213 
• protection, 100 
slides, 202, 203, 214 
statistics, 218 221 
stream control, 205 
Buceessful, 218-221 
top dimensions, 202 
volumes, 208 
weight, 204 

Earth, eroding velocity, 106 
pressure, fluid eiiui valent, 541 
masonry dams, 122 
tests, 215 
sluicing, 216 
weight, 204 • 

Earthquakes, 828 
chimnev design, 520 
dam foundations, 125 
damage to dams, 189, 828 
rock-fill dams, 189 
Earthwork, compacting, 207 
steel pipe, 329 

East Canyon Creek dam, composite type, IIG 
data, 139 
described, 141 

East Park dam, contraction joints, 123 
Eastport, Me , rainfall, 5 
Echo bridge, aqueduct, 290 
Economizers, fuel, 510 
Eel river dam, foundations, 125 
overflow, 147 

Efficiency, commercial, 471 
filters, 737 
pumps, 471 
Ejector, sand, 712 
El Paso, Texas, rainfall. 5 
Elbow, flanged standard, 345, 391 
loss of head, 769, 770 
wood-stave pipe, 367 
Eleanor dam, 144 
Electric, drive, well pumps, 248 
power, 522-625 
thawing pipes, 421 
Electrolysis, 428-430 
cause, 429 
concrete, 812 
conditions, 429 
effect, 428 

' insulation, thawing, 421 
kinds, 428 « 

leadite, 413 

^einforced-oonorete pipe, 875 
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remediei, 420 

steel pipe. 301, 317, 326, 390. 811 
surveys, 429 
water meters, 465 
welded joints, 354 
wood-stave pipe, 360 

Blephant Butte, dam, concreting rate, 150 
oonstructionj 160 
eontraotion joints, 123 
Bnsign valves, 451 
gate friction tests, 806 
grouting, 128 
outlet, 105 
sand cement, 794 
spillway, 94 
uphft, 119 
reservoir, silt, 107 

Ellsworth dam, rapid construction, 146 
Bllm ornamental planting, 111 
Blwha dam, foundations, 12 
Embankments (see also Earth dams) 
aqueduct, 285 
contents, 208 
grassing, 112, 114 
homogeneous, 103 
pipes through, 205 
rolling, 206, 207 
settlement, 203, 214 
shnnkagc, 203 
slopes, 203 
weight, 204 

Enamel, bitumastic, 317, 388 
Engineering geology, 85 
Engines, Diesel, 527 

centrifugal pumps, 48 i 
operating costs, 521 
gas, 526, 527 

centrifugal pumps, 481 
vs Diesels, 528 
fuel supply, 512 
operating costs, 521 
gasolene, 526 

internal-combustion, 520, 520 529 
pumping, 469-532, (see Pumps and Pumping 
engines) 

steam fire, delivery, 401 
operating cost, 521 

B(;i[ualizing reservoir (see Distribution rcstrunt ) 
Erie, Penn , rainfall, 5 
Erosion, safe velocities, 276, 753 
Escanaba dam, data, 161, 170 
Escondido dam, flood flows, 190 
Esopus creek, rainfall and fi iiip( rature, 10 
run-off, 68 

Estacada dam, grouting 197 
Estimates, pricision, 717 
Etemit, 374 
Budonna, odor, Oil 
Evaporation, 26-37 
boilers, 506 
data, value, 20 
factors, 26 
forest influence, 110 
laws, 20 

open channels, 269 

pan tests, 33 

records, 31 35 

residue, water analysis, 508 

soil, 35 

swamp, 85 

Examination of water, 584 001 
acidity, 598 • 

alkalinity, significance, 580 
test, 598 

bacteriological 588 
media, standard, 000 
value, 584 
carbon dioxide, 598 
chemical, 585, 595 
form of results, 694 
value, 684 
chlonde, 597 
ohlonne, test, 600 
color, significance, 585 
test, 595 

dissolv^ oxygen, test, 599 


Examination of watar^ hardness, 680 
significance, 586 
test, 596, 680 
units, conversion, 597, 681 
hydrogen-idh concentration, 587 
vs loe, 614, 022 
iron, 507 

manganese 597 , 

micro-organisms 587 
microscopical, 585 
molds. 588 

mtrates, signihranc < , 586 
tests, 590 

nitntes, siguificanc o, 580 
tests, 590 

nitrogen, significance 585 
object important 5S4 
odor, significance, 585 
tost, 595 

oxygen consumed, sigiuficanec, 585 
test, 595 
pH value, 587 
physical 585, 595 
plankton, 588 
poisonous metals 587 
polluted, example, 591 
precision of results, 7 18 
residue on c vaporation, 598 
samples, collecting 593 
standard mrtliods 591 601 
turbidity significanc c , 5S > 
test, 594 

typical analyses, 020-623 
whole some ( xamnic >91 
Excavating, hydraulic 2l(> 
Excavation, < i pijx , 401 40() 
iiiasoniy dams 125 
Excreta, disinft ot ion (>31 
Expansion joint pipe, 19 1 

r 


Pacing, (see Paling) 

Factory, fire protection, 40 i 
intake 83 

Fanning formula, run off, 05, 284, 285 
curve, 01, 05 
Feed -water heating, 509 
Feeds, eheiiiual 607 
Fences, Catskill Works, 105 
Ferric sulfate, 055 
Ferrous sulfate, coagulant, 055 
dry feed 070,072 
formula 077 
package , 077 

turbidity re rnoval 057, 059 
volume^-weight, 078 
Filter, 702 
accessories, 731 

contamination, prote e tion, 025 

domestic 719 

double, 697 

dnfting sand, 697 

effluents, water analysis, 018 

gages. 732, 733 

gravel, 703 

preparation, 705 
intermittent, 097 
loss of head gages, 732 
mechamcal. 702 
medium, adsorption, 652 
operating tables 733 
operation, 733 718 
statistics, 735 736 
plants, (see !> titration plants) 
plates, brass, failure, 807 
prehminary, 695 
rain-water, 095 
rapid, (see below) 
rate controllers, 731 
sand, 703 

preparation, 705 , 
schmutzdtckc, 702 
scrubbers, 695 
slow, (see below) 
supervision, 736 
tanks, concrete protected, 801 
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Filter^ test day, 737 
water softening, 691 
Filter, rapid, 716-731 
air binding, 734 
air wash, 729 
areas, 720 
arrangement, 720 
•bacteria removal, 729 
barrel, 719 
bottoms, 724 • . 

vs. coagulating basins, 731 
color removal 729 
defined, 702 
Gain mage bottom, 725 
gravel, size, 723 
thickness, 723 
gravity, 716, 717, 720 
gutter elevation, 728 
Harrisburg, 723 
high-velocity wash, 726 
loading, 729 
Joss of head, 726 
mud halls, 734 
operating costs, 738 
operating tables, 733 
pressure, 716-720 
principle, 716 
pumps, wash water, 729 
rate controllers, 731 
rates, 720, 733 
sand, 720 

expansion, 727, 728 
growth, 734 
sludge disposal, 729 
small, 719 
strainer system, 723 
turbidity removal, 720 
typical, data, 741 744 
drawings, 721, 722 
Venturi controllers, 732 
washing, 720 729 
principle, ^16 
wash-water, quantity, 738 
tank, 728 
troughs, 733 

Wheeler bottom, 723, 725 
Filters, slow, 705 716 
air binding, 716 
aluminum hydrate, 745 
bacterial film, 650 
be^s, rectangular, sizes, 708 
Blaisdell machine, 714 
cleaning,. 711-715 
cycle, 715 
defined, 702 
filtration rate, 716 
gravel, 709 
Interruittent, 720 
loss of head, 715 , 
masonry roofs, 709 
Nichols separator, 714 
operation, 733 
cost, 738 
period, 715 
principle, 707 
raking, 716 
rate, 733 
regulation, 710 
sand. 709 

turbidity, 705 
scraping, 716 
structural features, 705 
typical plants, 739, 740 
under drains, 708 

Filtration, 702-745, (see also Water treatmeni)- 
aerati on relation, 649 
cost, 738 
efficiency, 737 

plant, clear-water basins, 533 
controllers, 453 
life, 838 

tank design, 641 • 

valve operation, 443 
wall^ 641, 643 
rapid, 718-731 
rates, equivalents, 735 
sampling, 736 . 


PUtration, slow, 705-716 
vs. rapid, 708 
statistics, 736 
vs. watershed patrol, 625 
Financing, waterworks, 829-836 
Fineness, modulus, 793 
Fir, wood-stave pipe, 360, 360, 370 
Fire, engines, delivery, 401 
insurance schedules, 399, 400 
line meters, 404 
protection, 401-403 
costs, 402 
fire streams, 401 
industrial, 403 
insurance rates, 399, 400 
pumps, piston speed, 480 
service, centrifugal pumps, 485 
pressures, 400 
stream, standard, 401, 402 
tank height, 535 
water consumption, 402, 572 
Fish, copper sulfate kills, 606 
screens clogged, 82 
Fishing, in reservoirs, rules, 626 
Fittings, ea.st-iron pipe, 382 
flanged, 345, 389, 391 
centrifugal pumps, 487 
steel, simerheat, 509 
FitzGerald, evaporation formula, 27 
yield studies, 87 
Fixtures, pipe sizes, 433 
water waste, 423 

Flanged cast-iron pipe, 345, 389, 391 
Flanges, gaskets, 441, 807 
screwed, 355 
standard, 390 
8tcM*l pipe, 340, 342-316 
Flap valves, 453 
Flashboards, 102 
automatic, 104 
diversion weirs, 156 
pins, stress, 155 
storage gained, 96 
typical installation, 155 
Flexible joints, pipe, 394 
Floats, stream gaging, 40 
Flocculation, mixing tanks, 660 
Flood, diagrams, 61, 95 
estimates, 65, 93, 95 
flows, 60 

rock-fill dams, l#0 
hydrographs, 42, 100 
spreading, wells, 74 
source, .38 

vs. .spillway capacity, 94 
stream gaging, 41 
Flooding, wells, 74 
Floor, covers, gate house's, 300 
distribution reservoirs, 539, 543 
groined-arch, 543 
reinforced-concrete reservoirs, 643 
Flora, bacterial, determination, 689 
Flow, Bernoulli’s theorem, 751 
capillary tubes, 756 
channels, 271-276 
distribution system, 399 
calculations, 399, 773-780 
exponential formulas, 754 
flood, 60, 190 

line calculations, channels, 271-276 
liquids, cracks, 771 
masonry aquedifets, 297, 767 
measurement, 39, 792 
nozzle, 459 

in pipes, Bernoulli’s theorem, 751 
torruulas, 764—769 
hydraulic elements, 749, 752, 763 
relative discharge, 748 
temperature effect, 756 
stream, 38-70 
underground waters, 77 
wells, 238, 241 
Flumes, 276-279 
. metal, canal linings, 270 
coatings, 321 

Fluorescein, ground-water studies, 72 
Fluorine, atomic weight, 678 
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Flushing, pipes, 421 
Foaming, boilers, 682 
Folsom dam, data, 161, 170 
Foot valves, 452 

Forbes Hill reservoir, gate-chambers, 537 
ForchheimOr, ground-water flow, 78 
Forest, evaporation factor, 27 
transpiration, 37 
water table, 73 
Forestry, 110-112 
Formaldehyde, disinfectant, 632 
Forrest Park dam, statistics, 220 
Fort Davis, Texas, rainfall and temperature. 
Ft. Sill, Okla., rainfall, 5 
Foundation, dams, studies, 118 
embankments aqueduct, 285 
grouting, 126 
masonry dams, 125-128 
pervious, dams on, 149-157 
Fountain, aerators, 645 
drinking, 430 
water consumption, 572 
Framingham (Sudbury Itiver) Maas., rainfall, 
Francis weir formula, 701 
Frazil, 84 

Freeboard, masonry dam, 128 
Freezing, distribution system, 404 
gate valves, 440 
pipes, 404, 420 
wood-stave pipe, 358 
French pipe, 395 
Frequency, curves, rainfall, 6 
index, 608 

Fresno, temperature and rainfall, 22 
Friction, bronze on bronze, 455 
hydraulic (see Flow). 

Frost, depth, 404 
Fuel, 512- 515 
coal (sec Coal). 

consumption, pumping engines, 478 

cost, 512, 513 

economizers, 510 

oil vs. coal, 512 

pulverized, 515 

pumping cost, relation, 512 

reserve reciuired, 512 

saving, superheat, 509 

specifications, 513 

weight, 512 

Fuller, Weston, flood studies, 03 
Ftm<;i, 588 

Furens dam, data, 164, 170 
Furnaces, forced draft, 506 
G 

Gabbro, porosity, 78 
Gages, filters, 732, 733 
loss of h(‘ad, 732 
rain, 1 
rivet, 303 

Gagings, canal, 272, 275 
stream, 39 
records, 42 

Galleries, infiltration, 260-205 (see Infiltration). 

subterraiK’an storage, 2(i3, 204 
Gallon, eauivaleiits, 815, 818 
imperial, equivalents, 815 
Galvanizing, 813 
service pip<!H, 432 
Gas, engines, 526, 527 

centrifugal pumps, 483 
vs. Diesels, 528 * 

fuel supply, 512 
operating costs, 521 
mains, distribution system, 406 
producers, 527 
vs. steam, 526 
weight, conversion, 584 
Gases, absorbed, water, 584 
in ground waters, 603 
in rain water, 601 
solubility, 583 
temperature, 584 
weight, 584 
Gaskets, 392 
flanged, 441, 807 
paper, 807 
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Oasoline, engines, 526 
storage, 512 
weight, 512 

Gate, chambrirs (see also Gate, houfea). 
Forbes Hill rc^servoir, 537 
roofs, truck loads, 827 
CTcst, flat-slab dams, 146 
houses, aqueduct, 529 
floor covcTH, 300 
heating, 105 
micro-organisms, 207 
in multi plc-arch dam, 142 
plug valves, 297 
reservoir, 206 
slow filters, 707 
movable crest, darns, 104 
shear, 455 

sluice (see Sluice (jatrs). 

Gate valves, area of op<;ning, 437 
boxes, 440 
care, 440 
chattering, 441 
closed, pressure, 441 
controls, 443 
cost range, 831 
cylindrical, 453 
disks, stresses, 440 
double-disk vs. solid gate, 430 
electrical opt ration, 443 
filters, 732 
reservoirs, 530 
freezing, 440 
gaskets, 441 
hand operation, 442 
high-pressure, dams, 454 
hydraulic operation, 444 
inclined stems, 105 
imlicators, 443 
insertion by machine, 441 
in.spection, 404 
location, 410 
loss of head, 772 
lubrication, 441 
maintenance, 440 
makers, 436 
maps, 440 
operation, 412-446 

electrical, 413, 530, 732 
water hammer, 782 
ordering, 436 

packing, stuffing boxes, 441 
power to open, 442 
remote control, 443 
r(‘8<Tvoir outlets, 454 
seats, bronze, 805 
erosion, 812 
size, selecting, 437 
solid-gate, makers, 436 
vs. double-disk, 436 
standard, 430 
makers, 436 
steel pipes, 330, 334 
stem, 437 

throttling, 436, 441 
universal-pipe joint, 396 
vaults, 440 

Gatun dam, statistics, 218, 220 
Gear, drive, 520 
Diesel engines, 529 
Gem Lake dam, 144 
rebuilt, 142 

Geography, run-off factor, 39 
Geology, engineering, 85 
run-on factor, 38 
water-bearing, 75 
Geophone, 425 

Germany, infiltration systems, 264, 265 
Germs, disinfection, 661 
Gibraltar dam, arch action, 135 
spillway, 94 

Gilboa dam, construction, 160 
masonry, 802 • 

section, 174 
stepped face, 148 
stone facing, 160 
Gileppe dam, data, 164, 180 
uplift, 119, 164 
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giliiDiiit«, 315 ' 

Oiil<^14epQ8itB» southern ^rder, 76 
OlicierSf moraines, ground water, 72 
Gloftp 4am, failure, 145 . 

Glenodinium, odor, 614 
Gienwild dam, statistics, 219 
Gneiss, ground water in, 77 
porosity, 78 
Godaveri weir, 150 
Gofana Lake, dami failure, 189 
Goldbeck, pressure cells, 215 
Goose Creek, floods, G2 
dam, statistics, 218 
Gooseneck, services, 431 
Gorge, preglacial, wells, 77 
Grade tunnels, gradients, 281 
ground-water admitted, 201 
use, 280 

Grains per gallons, to p. p. m., 504, 678 
Grand river, dam, gates, 104 
flow velocity, 60 

Granite, dam foundations, uplift, 120 
ground water in, 77 
porosity, 78 

Granite Reef, weir, 151. 153, 154 
Granite Springs, dam, data, 164, 180 
Graphite, coating, steel, 317 
lubricant, 479 
paint vs. asphalt, 801 
steel standpipes, 562 
Graphitic corrosion, 387 
Grassing, 112-114 
dam Mopes, 199 

Gravel, discharge coefficient, 705 
eroding velocity, 106, 276 
filter, 703, 709, 723 
flow Of water, velocity, 79 
packing wells, 238 
rapid filters, 723 
sises, classification, 793 
slow filters. 709 
water-bearingf 75 

Gravity dams, 116 (see Masonry dams). 
Great Lakes, intakes, 83 
pollution, 626 

Great Northern Power Co. dam, 101, 170 
Gridiron, distribution system, 399 
Grit chambers, 640 
Grizzlies, sluicing, 216 
Groined arches, 544-547 
roof, 709 

Ground storage, 71 
reservoirs, 86 
Ground Water, 71-80 
aeration, 647, 649 
albuminoid ammonia, 585 
appearance, 601 
bacteria, 603-606 
coli, 605 . 
travel, 629 
vitality, 637 
capillary rise. 73 
carbon dioxide, 603 
removed, 649 
color, 601 

contamination, 628 
durability of supply, 71 
vs. filter^, 628 
flow, 77 , 

free ammonia, 585 
gases^ dissolved, 603 
level, fluctuations, 73 
: mineral content, 606 
nitrites. 586 ^ 
occurrence, 71 
odors, 602 
organic matter, ^602 
origin, 601 

purifioatidn, natural, 620 
rainfall absorbed, 72 

rGplGiiiBiiiiicizttf . *8 

rocks, 73 • 

storage, 639 v • 

suppiieB, invesrigating* 72 
protection, 628 . 

vs. surface watewi 71 * 


Oroniid Water, temperatures, 602 
terminology, 71 
utilisation, 71 
velocity measured, 74 
yield, 74, 76 
studies, cost, 71 
Grout, 126, 803 
mixer, 127 

Grouting, core walls, 197 
dam foundations, 126 
pressure tunnels, 294 
Grubbing, reservoirs, 108, 637 
Grunsky. evaporation formula, 33 
run off, 66, 95 
Gun -Crete, dam repairs, 122 
Gunite, on dams, 119, 143 
flumes, 278 

slabs, paving, 112 , 

Gypsum, porosity, 78 

H 

Haiwee dam, statistics, 218, 220 
waves, 199 

Hakodate Japan, rainfall, 23 
Hale, F. E., bact. coli index, 590 
Hale’s Bar dam, data, 162, 170 
erosion. 148 
Hammer welding, 348 
Hardness of water, 680 
carbonate, 680 
non-carbonate, removal, 655 
permanent, 680 

significance, .'iSO ,, 

temporary, 680 
test, 596 

precision, 738 
total, 680 

units, conversion, 597, 681 
Hartford, filters, 740 
rainfall, 5 

storage reservoirs, 91 
Havana, rainfall, 23 
Hawaii, floods, 62 
rainfall, 21 

Hazen, coefficient of variation, 89 
evaporation rule, 35 
flow of ground water, 77, 79 
yield studies, 87, 89 
Headworks, arrangement, 280 
location, 105 • 

Health laws, watersheds, 625, 626 
Hearn, run-off formulas, 65 
Heat, disinfection, 661 
Heating, feed-water, 509 
Hell Gate dam, silt. 107 
Hemet dam, data, 164, 180 
Hemlock, forestry, 111 
• ornamental planting, 111 
wood-stave pipe, 36() 

Henshaw dam, construction, 206 
core, 197, 212 
hydraulic fill, 210 
materials, 211 
outlet, 205 
paving, 204 
settlement, 215 
statistics, 220 
Hermastic, 317 

Hetch-Hetchy, aqueduct. Red Mt. bar siphon, 
324 

dam, (see O'Shat^yhnessy, Cal). 

Hickory, forestry. Ill 
High-pressure fire systems, 394, 402 
hydrants, 466 

Highways, earth dams, 202 
relocation, reservoirs, 104 
Hijar dam. data, 165, 181 
Hinckley dam» statistics, 220 
uplift, 119 

Hogsheads, Htirst’s rule, 815 
Holland, Mich., concrete wells, 234 
ground-water yield, 74 
Hpllow dams, 141-146 
Holyoke dam, data, 162, ,171 
ogee shape, 147 

Honey Lake 4am, statistics, 218, 219 . ^ 
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Hope» Ark., rainfall, 5 
Horae Creek dam, construction, 207 
Horse troughs, water consumption, 572 
Horsepower, boiler, 506 
brake, 471 
theoretical. 471, 473 
water, eqtuvalents, 819 
Horseshoe dam, data, 144 
Hot-air engines, 502 
Hotel, water consumption, 571 
Hottsatonic river, run-^off, 48 
Houses, pump, wells, 249 * 
spring, 268 

Huacal dam, design, 141 
Hub flanges, 342 
Huffman dam, core, 213 
Humidity, evaporation effect, 26 
Hydrants, 455-4.58 

Board of Fire Underwriters, 450 

rare, 440 

connections, 457 

cost range, 831 

designs, 456 

freezing, 440, 457 

life, 836 

loss of head, 400 
maintenance, 450 
ordering, 456 
pressures, 400 
rentals, 402 
spacing, 401, 457 
subsurface, 45S 

supplied from two directions, 533 
universal-pipe joint, 396 
Hydrated lime, 656 
Hydraulic, computations, 747-792 
fill dams, (see below), 
jump. 274 

chernieuls, mix, 659 
spillway channels, 94 
pipe (sec under Pipe). 

weight, .305 
radius, 740, 752 
channels, 209, 274 
ram, 502-505 
valves, 453 

Hydraulic-fill dams, 209 218 
advantages, 210 
characteristics, 209 
construction, methods, 209, 215 
safe, 210 • 

core, 211 
costs, 210 
desiderata, 210 
disadvantages, 210 
drainage, 217 
economy, 210 
fines, 212 
foundations, 214 
materials, 210 
pumping, 216 
rock fill, 213 
settlement, 214 
sheer boards, 216 
slopes, 213 
sluicing, 216 
Hydraulics, 747- 792 
open channels, 271-276 
wells, 238 

Hydrogen, atomic weight, 678 
-ion concentration, 6.50, 651 
corrosion, 810 • 

significance, .587 
sulfide, aeration, 646 
reservoirs, 636 
solubility, 583 
weight, 584 
weight, 584 


Hydrographs, 42, 100 
Hydrolene, 315 


Hydrology, impounding reservoirs, 85 


lea, damage, dams, 117 
evaporation, 34, Fig. 6. 
expansive force, 421 


Ice, intake troubles, 84, 106 
physical properties, IIS 
stream gaging, 41 
thrust, dams, 117 
existing dams, 118, 163-167 
multiple-aroh dkms, 143 
water analysis, 614, 622 
Impellers, centrifugal pumps, 485 
Impounding reservoirs, 85-98, (See Assarsotrs, 
storage). . 

Increaser, standard flanged, ^5 
Incrustants, water analysis, 587 
Index, frequcnicy, 608 
India, flood estimates, 93 
rainfall, 23 

watersheds, run-off, 65 
weirs on pervious foundation, 149-157 
Indianapolis, Ind , riunfnll, 5 
Indicators, nH value, 652 
Industrial, nre protection, 403 
Inertol, concrete paint, 801 
Infiltration galleries, 260-265 
clogging and cleaning, 260 
examples, 261-265 
Germ,an methods, 264 
Los Angeles, 293 
pipes, eolleetinga, 260 
pollution, 606 
rates of now, 260 
tunnels, 293 
VB. wellH, 260 
yield, 260 

Ingersoll-Rand formula, air lift, 252 
Ingot iron, corrosion, 534, 81 1 
pipes, 338 

Insurance, schedules, 399 
Intakes, 81 84 
cnb, Denver, 260 
Great Lakt's, J?2 
ice troubles, 84, 105 
infiltration gallery, 260-265 
large, 81 
pipe, 82, 418 
bellfiiouth, 81 
port areas, 82 
requirements, 81 
reservoirs, 82, 105 
nver, 82 

sanitary protection, 625 
screens, 81, 82 
submerged pipe, 418 
surges, 82 

tunnels, 82, 292, 293 

capacity, 767 * 

Internal -combustion engines, 520, 526-520 
Iodine, 605 • 

atomic weight, 678 
Ionization, 650 
Iron, atomic weight, 678 
bacteria, 588 
corrosion, 387 
cast, (sec Cast iron ) 
colloidal, precipitated, 652 
corrosion, 809 
ingot, corrosion, 534, 811 
pipes, 338 

sulfate solutions. 655 
in water, analysis, 597 
color, 636 
test, precision, 738 
wrought, corrosion, 811 
Irrawaddy river, run-off, 63 
sediment, 63 
Isohyetal map, 4 
Italy, water consumption, 571 
Ithaca, dam, data. 139 
rainfall, 5 

subsiding basin, 642 


acksonviUe, high-pressure fire system, 4fl3 
ames river, run-off, 52, 53, 54, 69 
ersey City, conduit, test data, 763 
storage reservoirs, 91 
et, condensers, 510 
’etting method, wells, 223, 228 
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Johnson hydraulic valve, 453 
O’Sbaughnossy dam, 105 
Joints, bell-and-spigot, (see Catil-iron pipe). 
contraction, flumes, 278 
masonry dams, 123 
pipes, 377 

expansion, (see contraction above), 
pipe, butt, 302 

commercial, 352-355 
contraction, <R77 
Dresser, 340 
flan/oced, 389 
flexible, 394, 416 
high-pressure, 355 
reservoir linings, 539, 540 
riveted, 301-3i0 
design, 306-310 
shrunk and pcened, 340, 342 
sleeve, 340 
slip, 340 

spiral-riveted, 339 
Jumpj hydraulic, 274, 650 
Junction dam, construction, 210 
pumping, 216 
statistics, 221 


Kansas City, subsiding basin, 642 
Keechelus dam, core, 197 
road roller, 207 
sheeting, 194 

Kensico dam, concreting rate, 159 
constructionj 160 
contraction joints, 123 
data. 165 
ice thrust, 118 
masonry, 802 
pressure diagram, 129 
stability investigation, 129 
thermophones, 123 
uplift, 119, 165 

Kensico reservoir, effluent aqueduct, 379 
forestry, 112 
silting, 106 
stumps, 109 

Keokuk dam, erosion, 148, 162, 171 
foundations, 125 
Kilowatt, equivalents, 817 
-hours per month, 472 
Kistna weir, 150 
Klangenfust, rainfall, 4 
Kuichling, run-off, 95, 284, 285 
curve, 61 
studies, 65 

Kutter’s formula, 271 
canals in earth, 271 

• L 


L-shaped walls, 542 
Labor, price range, 831 
ladders, standpipes, 53<> 

La Grange, dam, (see Turlock). 

reservoir, silt, 107 
Laguna weir, 150, 156, 157 
Lahontan dam, construction, 207 
material, 204 
spillway, 94 
statistics, 218, 219 
l 4 ike Cheesman dam, data, 139, X65 
pro:^e, 180 

Lake, circulation periods, 635 
deposits, ground water in, 77 
sanitary patrol, 626 
thermometry, 634 
water analysis, 623 
waters, bacteria, 611 
flltration rate, 716 
index of frequency, 608, 609 
wind currents, 635 
Lake Ontario, bactena, Ql 2 
Lake Snaulding dam, thermophones, 123 
La Lou&e dam, foriii for concrete, 159 
gate house, 105 

ice thrust, 118 

uplift, 119 


Lamd’s formula, thick cylinders, 827 ' , 

Lap, joints, flanged, 340 
riveted joints, 361 
Larch, forestry, 111 

ornamental planting. 111 
Las Vegas dam, flashboards, 103 
Lavaud, de, cast-iron pipe, 395 
Lea V>notch meter, 450 
Lead, atomic weight, 678 
corrosion, 808 
hydro-tite, 415 

joints, cast-iron pipe, 412, 413, 415 
vs. cement, 415 
holding power, 411 
vs. lcadit(t, 414 
vs. mctalium, 414 
solid, 405 

pipes, corrosion, 387, 636 
poisoning, 587, 809 
red lead, 562 
removal, 413 
service pipes, 432 
wool, 416 
Leadite, 413 

electrical resistance, 429 
electric thawing, 421 
Leakage, detectors, 425 

distribution system, 425-428 
control, 425 
detectors, 425 
rc‘cords, 426- 428 

reinforccd-concretc standpipes, 549, 550, 554 
reservoir, 108 
steel pipe, 356, 428 
Levees, grassing, 112 
Lewiston, Idaho, rainfall, 5 
Liege, infiltration galh'ries, 260 
Light, wat<*r absorbs, 584 
Lime, chemical properties, 655 
chlorinated, disinfectant, 632 
corrosion, 069 
treatment, 387 
dry feed, 671, 672 
excess, bactericide, 085 
feeding device, 671-673 
and ferrous sulfate, 655 
hydrated, 656 
dry feed, 670 
formula, 677 
package, 677 
waterproofing, 
iTieters affected, 465 
-soda water sofU’iiing, 682, 685, 093 
volume-weight, 678 

Limestone, dam foundations, uplift, 120 
ground water in, 76 
porosity, 78 
reservoir location, 108 
Limnology, 634 

Linden, English, ornamental planting. 111 
Lining, distribution reservoirs, 538-541 
function, 534 
open channels, 269, 270 
Linville dam, statistics, 219 
Liters, equivalents, 818 . 

Lithium, atomic weight, 678 

Little Falls, filters, 743 

Little Fork river, run-off, 69 

Little Horse Creek, dam, statistics, 220 

Loam, cores, 195 

eroding velocities, 270 
Loch Raven, datiio underdrains, 126 
uplift, 119 

reservoir, silting, 107 
Lock Joint pipe, 376-378 
Lock -bar pipe, 311 
vs. cast-iron, 381 
fabrication, 312 
failure, 312 
laying, 326 
merits, 312 
specifications, 311 
Log booms, waves, 201 
Logarithmic, diagrams, 757 
tables, 837 

Long Island, ground-water yield, 74 
Los Angeles, rainfall, 20,22 



INDEX 


856 


Los AllSSleB, sioragr reservoirs, 91 
temperature, 20. 22 
Loss of head, can^ sections, 274 


at entrance, 274 
pipes, formulas, 764-769 
Venturi meter, 461 
Louisville, filters, 742 
rainfall, 5 

Lowcock, evaporation formula, 33 
Lowell, Mass., rainfall, 3 
Lower Otay, dam, failure, 189, 191 
reservoir, silt, 107 
Lubricants, pumping engines, 479 
Lubrication, gate valve, 441 
Lueger. ground-water flow, 78, 79 
Luitweiler pumps, 502 
Lynchburg, wood-stave pipe, 361 
Lynn, Mass., storage reservoirs, 91 
Lysimeter experiments, 35 


M 


McCall’s Ferry dam, data, 162, 172 
McCloud river, run-off, (>9 
McCracken machines, pipes, 373 
McMath, run-off, 05 
curve, 61 

Machine, cleaning, pipes, 421 
dry feed, 670 
pipe-bending, 352 
tapping, 420 
trenching, 400 
valve insertion, 441 
Madaya weir, 150, 150 
Madison, Wis., rainfall, 5 
Magnesium, atorni(> weight, (>78 
salts, formulas, 070 
solubility, 659 

Mains, 398 435 (see Distribution system) 
filling, 412, 777 
Mallomonas, odor, 01 1 

Manchester, Mass., standpipe, 550, 553, 551 
Manchester, N. H., rainfall, 3 
Manganese, atomic weight, 078 
bronze, 806 
water analysis, 597 
test, precision, 738 
Manhan river, run-ofT, 08 
Manholes, size, divers. 82 
steel pipes, 333 
valve, 440 • 

Mannesmann, seamless tubes, 355 
Manning, formula, 754 
Map, distribution system, 398, 140 
isohyetal, 4 
Maple, forestry, 111 

Norway, ornamental planting, 111 
ornamental planting, 111 
sugar, ornaniental planting, 111 
Marme, porosity, 78 
Marine structures, deterioration. 375 
Marklissa dam, uplift, llil 
Marquette, Mich., rainfall, 5 
Marshes, c. i. pipe, 388 
salt, pipe in, 418 
Masonry, 793-803 

aqueducts, 280--300, (see Aqueducts). 

core walls, 196 

Cyclopean, 802 

dams, (see Masonry dams). 

economy, 159 

friction eoeffieient, 128 • 

laying, dams, 158 
temperature cracks, 122, 123 
weight, 131, 802 
Masonry dams, 110-188 
arched, 136-141 (sec Arched dams). 
construction, 157 
defects, 148 
cut-off w^ls, 120 
use, 153 

design, 128-135, 130 
drainage wells, 119, 160 
earthquakes, 828 
facing, concrete blocks, 159 
failures, causes, 146 
flow over, 790 


Masonry dams, formulas, 128 
freeboard, 128 

gravity, solid, (see solid gravity below). 

height raised, 100 

hollow, 141-140 

ice thrust, 117 

life. 830 

masonry laying, 168 

notches, How, 791 

opening.s for stream, 157 • 

on pervi«)ua foundations, 149-167 

pressure lines, 128 

si'cpage reduced, 120 

shearing stresses, 133 

solid gravity, 118-135 

architectural treatment, 118 
contraction joints, 123 
curved in plan, 116 
design. 128 135 
metnod.s, 117 

disintegration ulhmam*e, 121 
vs. earth, 116 
earth, backing, 119 
foundations, 126 
pressures, 122 
economy, lack of, 117 
excavations, 125 
failures, cause, 128 
foundation pre.ssure, 128, 131 
foundations, 125 128 
geology studies, 118 
grouting foundations, 126 
iee thrust, 128 
leaks, 122 

non-overflow, design, 128 135 
top width, 133 
overfloi\, 146 118, 161, 162 
pressure distribution, 131 
piiblie favors, 11(> 
reiiuisites, 118 
vs. rock-fill, 190 
stability <*quatioris, 132 » 

sfn'am control, 157 
temperature, allowance, 121 
cracks, 122 
effeets, 122 
thermophones, 122 
thickness, ineffective, 118 
toe. earth fill, 122 
i .VP<’R» 1 1 0 
typical, 161 187 

upward pressun*, 118, 119, 128, lUl-167 
watertight ness, 122 
wind pri'hsiire, 119 
zones, d(‘sign, 133 
types, 116 
vacuum effects, 147 
water control, 157 

weight, 802 * 

Mass diagram, spillway, 100 
stream flww, 88, 92 

Massachusetts, towns, water consumption, 582 
Materials life, i‘val nation, 836 
price range, 831 
Matheson pipe, 352, 353 
Mathis dam, 140 

Matrimony vine, embankments, 113 
Median, 03 
Meer Alum, dam, 141 
Melosira, odors, (>13 
Memphis wells, 240, 255, 049 
Merala weir, 150, 150 
Merced dam, statistics, 220 
Mercuric chloride, disinfeetuni, <>32 
Mercury, atomic weight, 078 
pressure, equivalents, 818 
Meridion, odor, 014 
Merrimac, river, sediment, ti3 
standpipe, 550, 552 
Merriman, evaporation, 27 
Metals, 805-814 
corrosion, 808 
Metalium, 414 

Metcalf and Eddy run-off, 95 
Meter, boxes, 407 

current, stream gaging, 40 
service (see below) . 
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MeterittK. benefits, 459, 467 
etat^es, 576-581 
waste control, 426, 467 
water consumption affected, 468, 573 
water unaccounted for, 423 
Meters* senrice* 459-468 
accuracy, 465 
advantages, 459 
boxes, 467 
compound, 464i, 465 
current, 464, 465 
defective, replacement, 465 
dimensions, 466 
disk. 463, 465 
fire-line, 464 
head loss, 463 
lengths, 465 
life. 836 
makers, 468 
operating costs, 467 
oversiaed, 465 
proportional, 464 
qualifications, 463 
rates, 468. 834 
replacement, 465 
rotary, 464 
setting, 467 
Simplex, 463 
sizes, 466 
slippage, 466 
specifieations, 465 
testing, 466 
torrent, 464 
turbine, 464, 465 
tyt)eB, 459 

underregistratioii, accounting, 423 
velocity, 4(»4 
Venturi, 459-463 
Meyer* evaporation formula, 30 
Miami* Fla , high-pressure fire system, 402 
Miami Conservancy District, construe lion 
plant, 209 

cores of dams, 211, 212, 213 
dams, seepage, 194 
sluicing, 217 
statistics, 219-221 
excavation 126 
flood flows, 00 

E rassinjK, 113 

ydraulic fill dams, 210, 221 
pressure tests, dams, 215 
rainfall rates, 24 
spillway design, 93 
Microorganisms, algicide, 679 
storage effect, 038 
surface waters, 608 


water, 587 

Microns, equivalents, 587 

Microscopy, 587 

Middleboro, dcfcrrization, 700, 701 
filters, 710 
tank, 556 
Milan* rainfall, 4 
Miles City, Mont., rainfall, 5 
Miller-Brownlie, formuln, w( 11s, 210 
Milligrammes, p<»r L to e e , 584 
Million* gal daily, equivalents, 815 
MUton dam* core, 197 
paving, 200 
statisucs, 219 
Minatare dam* paving, 200 
Minerals* suspended in water, 611 
Miner’s inch* definition, 816 
Idinneapolis filters* 742 
Minnesota river* run-off, 60 
Misaiaeippi river, floods, 04 
ice troubles, 84 
run-off, 63, 69 
sediment, 63 

water, sedimentation, 643 
Mixing basins* 650, 660 
Mobile* Ala*, rainfall, 5 • 

Molds* water microscopy, 588 
MolybdeAWB# atomic weight, 678 
Mondtdier. France, raihfall, 23 
Mon41 mewif 807 
Monoyerohimneya* 518 


Morena dam, flood flows, 190 
vs. Roosevelt dam, 190 
Morgantown* W Va., rainfall, 5 
Morris dam, statistics, 218 
Mortar* linings, steel pipes, 322-325 
sand, 793 

Motors (electric), a.o., 522 
controllers, 524 
’ d.c., 522 
life, 836 

slip-ring induction, 523 
speeds, common, 522 
squirrel-cage induction, 522, 524 
starters, 624 
supersynchronous, 524 
synehronouH, 523 
valve operation, 443 
Mountain Dell dam, 1 12, 144 
Movable crest, spillways, 103 
Mud. balls, rapid filters, 734 
Well sinking, 235 
weight, 131 

Multiple -arch, dams, 142 115 
Munich, ground- water yield, 74 
Murphy, run-off curve, 61 
Muscoot dam, data, 162, 172 
flashhoards, 103 

Myers’ formula* run off, 281, 285 

, -N 

Narrora weir, 149, 150, 151, 151, 1.50 
National Board of Fire Underwriters, centrifu- 
gal punips, 483 
duplex pump rules, 474 
eleetrie power, 522 
factory yard system, 403 
fire flow, 101 
fuel reserve, 512 
hydrants, 456 
spacing, 401 

requirements, pipe system, 398 
sprinkler systeins, 403 

Standard Schedule for Gruding Cities, 399, 
401 

storage, size, 534 
turbo-centrifugals, 498 
National Matheson Joint Pipe, 353 
Neeaxa dam, failure, 210 
statistics, 218, 219 
Needle valves, 453 •> 
high velocities, 105 
O’Hhuiighnessy dam, 105 
New Bedford, Mass., rainfall, 3. 11 
tenmerature, 11 

New Croton, aqueduct, fouling, 297 
leakage, 296 
tunnels, 292 
dam, data, 165 

grouting foundations, 120 
ice thrust, 118 
temperature cracks, 123 
New England, chlorine map, 586 
rainfall data, 2 

N. E. W. W. A.* cast-iron pipe sp<*eifications, 
381, 389 

liydrant specifications, 455 
meter specifieations, 465 
service standards, 432 
thawing, report, 421 
water consumption, forms, 672 
report, 423 e 

New Haven, Conn,, storage reservoirs, 91 
New Orleans, cold periods, 825 
filters, 741 , 

hydrant regulations, 456 
rainfall, 4, 5, 18 
temperature, 18 
water analysis, 620 
New York City* cold periods, 825, 
high-pressure fire system, 402 
storage reservoirs, 91 
valve standards, 436 
.New York $tate* chlorine map, 686 
Newark. N. J., conduits, flow tests, 764 
rainfall, 5 

storage reservoirs, 91 
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t wiurk» O* mixing tank* 660 
igara riTer. ^ow, 60 
ucel, atomic weight, 678 
e river, floods, 94 
run-off, 63 
sediment, 03 

Nitrates, water, significanoe, 586 
tests, 596 
Nitrification, 602 

Nitrites, water, signiflcanee, 586 • 

tests, 596 

Nitrogen, as albuminoid ammonia, signifloancc, 
585 

tests, 505 

atomic weight, 078 
cycle, 602, 603 
free ammonia, 585, 595 
test. 595 

solubility, 583 f 

water analysis, significance, 585 

weight, 684 

Notches, flow through, 791 
Nozzle, aeration, 047 * 

fire, discharge, 401, 402 
flow, 459 

hydraulic sluicing, 216 
Numbers, powers, 752 
Nuts, dimensions, 341 
weight, 344 

O 

Oak, forestry, 1 1 1 

ornamental planting, 111 
pin, ornamental planting. 111 
Oakland, East Bay Water ('o , storage reser- 
voirs, 91 

high-pressure fire system, 402 
Obsidian, porosity, 78 
Ochoco dam, sluicing, 21G 
statistics, 220 

Odors, aeration removes, 045 
chlorination, 003 
degrees, described, 595 
iron bacteria, 588 
organisms, 013 
reservoir stripping, 037 
water, tests, 585, 595 
Oester dam. uplift, 120 
Ogden^ Utah, rainfall, 5 
Ohio nver, bacteria, 010 
floods, 94 
run-off, 69 
sediment, 63 
turbidity, 615 
Oil, crude, weight, 512 

cylinder, spccificotions, 480 
engines, 527 (see also Diend). 

fuel supply, 512 
fuel, vs coal, 512 
cost, 513 
range, 831 
Diesel engines. 528 
duty relation, 478 
vs. gasolene, 526 
requirements, 513 
tests, 529 

hydraulic cylinder, 445 
linings, reservoirs, 200 
lubricating, 479 
Oiling, canal linings, 270 
Okhla weir, 150, 151, 152, 15 :l 150 
Oklahoma City, filters, 741 
floods, 93 

Olive Bridge dam, data, 163, 176 
grouting, 127 
Omaha, rainfall, 5 
Oolite, porosity, 78 
Open channels, 269 279 
Chesy formula, 272 
vs. conduit," 269 
contractions, flow, 771 
critical depth, 271, 274 
curvature effect, 276 
economy, 269 

evaporation and seepage, 269 
flow, calculations, 271-276 
measurement, 792 


Open channels, flumes, 276-279 
gagings, 272, 276 
hydraulic jump, 274* 
hydraulics, 271-270 
Kuttcr’s formula, 271 
Imiug, 269. 270 
mean depth, 274 
non-umform flow, 273 
regulating dams, 276 
in rock, 269, 272 
section, 2(>9 

semicircular conduit, 379 
surging, 275 

U. S Keclamation Service*, 269, 270 
velocities, safe*, 276 
velocity absorbed, 271 
Organisms, (sec alsn M n nKtrtjnnnm^). 
odors imparted, (>13 
in pipes. 297 
reservoir stripping, 037 
stored waters, 633 
Orifices, coagulants inixi*d, n.lO 
compensating, 708 
discharge, 771 
plate, 459 

strainer, rapid filters, 721, 725 
tanks, chemical f(*ed, 66S 
Oscillaria, in ieo, 613 

O* Shaughnessy (Cal.) dam, eonereting rate, 159 
construction, 100 
excavation, 126, lt>0 
Johnson valves, 453 
outlets, 105 
section, 175 

O’ Shaughnessy, Ohio, dam, icc tlinist, 118 
section, 175 

Ottertail river, run-off, 69 
Outlet, earth dam, 205 
reservoir, 82, 105 
Overflow, channels, locution. O'* 
proportions, 93 
dams, 146-118, 161, 162 
weirs, 93-104 
aqueducts, 281 
Ozyacetylene, welding, .347 
Oxygen, absorption, sprays, 646 
atomic weight, 678 
consumed, (water) significance, 585 
precision, 738 
tost, 595 

dissolved corrosion, 809 
test, 599 

solubility, 583, 599 
weight, 584 

Ozone, water treatment, 665 
basis, 601 

P 

Packing, gate valves, 441 
turbines, 499 

Paddy Creek dam, statistics, 218 
Padua, rainfall, 4 
Paint, concrete, 800 
deterioration, 319 
tar-cement, 321 
Painting, standpipes, 561, 562 
steel work, 814 
Pandorina, odor, 014 
Parkersburg, infiltration gallery, 200 
Parts per million, 594 
to grains per gallon, 078 
Pathfinder dam, data, 139, 165, I'^l, 187 
gate friction tests, 806* 
reinforced-concrcte core, 198 
Patrol, sanitary, 625 
Paving, distribution reservoirs. 539 
earw dams 108-202 
concrete, 200 
core-wall substitute, 198 
costs, 202 
gunite slabs, 112 
reinforced-eoncrete, 201 
stone, 200 

waste channel, failure. 94 
Payments, equal, for dept and interest, 836 
Pebbles, eroding velocity, 106 
settlement in water, 106 
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Pedlar River dam, data, 162, 171 
Peking, China, rainfall, 23 
Penatocks, (see also SM pipe). 

corrosion, 325 ' • 

screens, 299 
Peoria, 111., rainfall, 5 

Pe<iuannock watershed, rainfall and tempera- 
ture, 13 

Percolation, factor, diversion weirs, 149, 156 
wells, 231 

Peridinium, odor, 614 
Period, coagulation, GIM) 

Periyar dam, 166, 182 
waste weir, 148 
Permutit, water softening, 686 
Petroleum, weight, 512 
pH concentration, 651 

acid and alkali solutions, 653 
corrosion relation, 810 
Phenol, coefficient, 631 
disinfectant, 632 
equivalent, 032 

Philadelphia, cold periods, 825 
ground- water yield, 74 
high pressure fire system, 402 
rainfall, 5, 13 
temperature, 13 

water analyses, 617, 618, 619, 620 
Phoenix, Ariz., rainfall and temperature, 19 
Phosphorus, atomic weight, 678 
Pickling, steel pipe, 314 
Pierson Act, New Jersey bonds, 832 
Pilarcitos dam, statistics, 218, 219 
Piling, sheet, core wall, 194 

dams on porous foundations, 153 
Pine, Austrian, ornamental planting, 111 
Norway, ornamental planting. 111 
red, forestry, 111 
Scotch, forestry. Ill 

ornamental planting, 111 
trees, forestry economitJs, 112 
white, for<;8trv, 1 1 1 

ornamental planting, 1 1 1 
wood-stave, pipe, 300 
Pins, flash board, 103 
Pipe, age, flow effect, 750 
air-lift wells, 251 
Arrnco, 338 

boll-and-spigot, 389, (sec* also Cast-iron pipe). 

jointing materials, 412 '41 6 
bending machines, 352 
bends, combined, 408-411 
loss of head, 769 
Bonna, 376 

branching, problem, 774 
on bridges, 419 
leadite, 413 
protection, 404 
steel, 3.34, 339 
wood-stave, 372 
Briggs standard, 349 
capacity, (see FUm). 
cast-iron, (see Cast-iron pipe). 
cement, 37‘3 
cement-lined, 374, 388 
Capacity, 297 
electrolysis, 429 
centrifugal, 377 
for chemicals, 670 
circular, geometric properties, 747 
hydraulic elements, 749, 752, 753 
cleaning, 421 

chlorine offeot, 763, 813 
concrete, 373 
contents, 752, 820, 824 
corrugated-iron, flow, 766 
couplings, 352 
culverts, 407 


cutting, 412 
drive, wells, 224 
driving, wells, 231 , 232 
Eternit, 374 • 

filling time, 777 
fittings, Hanged, 345 
flow, (see also Flow), 
formulas, 754-‘709 
messurement^ 792 


Pipe, flow, relative discharge, 748 
freezing, 420 
wood-stave, 358 
French, 395 

hi-tensile, 383 ... * 

hydraulic elements, 749, 752, 763 
infiltration galleries, 2Q0 
Ingot iron, 338 
Intake, 82 
• boll-mouth, 81 
lead, corrosion, 387, 636 
line vs. masonry aqueduct, 283 
vs. pressure tunnels, 280 
location, 426 
Lock Joint, 376-378 
long, 754 

loss of head, formulas, 754-769 
through masonry dam, 157 
moss, distribution systems, 422 
a. d., 349 

dimensions and weights, 351 
organisms, 297 
parallel, equivalents, 775 
plate metal, 301- 357, (.see Steel pipes.) 
plumbing, sizes, 433 
pressure, 376 
refill stresses, 383 

reinforced-(!oncrete, 373 380, (see Reinforced- 
concrete). 

riveted, 301 357, see {Steel pipes). 

wrought-iron, 334-338 
sand-spun, 395 
screw, electrolysis, 352 
service, 431 434, (see Service). 

Ht'wer, 373 
flow, 768 
well easing, 234 
short 754 
siphons, 779 
sleeves, 420 
small, fungi clog, 588 
sp<;cials, welding, 346 
spiral-riveted, 3.38-346 
steel, 301-357, (see Steel pipes). 
steel-cylinder, 376 
stream crossings, 416-419 
surges, 781 

system computations, 773-780 
threaded, 393 
twin, flow problem, 770 
vitrified, 373 
discharge, 768 
well casing, 234 
v<>lume.s, 752, 820, 824 
water hammer, 781 785 
welded, 348-355, (see Steel pipe). 
window, 217 

wood-stave, 358-372, (see Wood stave). 
wrought, 349 

wrought-iron corrosion, 810 
dimen.sious and weights, .3.50 
riveted, 334-338 
vs. steel, 349 
Piston, pump merits, 476 
speed, 480 

Pitching, dams,, (see Paviny). 

Pitometer, hydrant, 456 
surveys, 423, 424 
Pitot tube, 459 
Pitt river, run-off, 69 
Pittsburgh, filter. 739 
rainfall and temperature, 15 
water analysis, 620 
Piute dam, sluices, 217 
Planks, stop, 299 
Plankton, water analysis, 588 
Planting, ornamental, 111 
Plants, aquatic, water consumed, 35 
Plate, metal pipes, 301-357, (see Steel pipes). 
steel, pipe, 310 
standpipes, 560 
Platinum, atomic weight, 678 
Plattsburg dam, 145, 146 
Plugs, cast-iron pipe, 404, 411 
drain valves, 297 
steel pipes, 333 
Plumbing, pipe sizes, 433 
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Piumbism, 587, 800, (see also Lead). 
Plunger, pump, 474 
merits, 476 
wells, 247 

Pneumatici systems, pumping, 502 
Po river, run-off, 63 
sediment, 63 

Pohle system, air lift, 250, 251 
Poisonous metals, water, 587 
Pole-tool, drilling, wells, 225 
Poplar, ornamental planting, 111 
Population, studies, 828 
Porosity, rock, values, 78 
Portland, Ore., rainfall, 5 
Potassium, atomic weight, 678 
salts, formulas, 676 
Potomac river, sediment, 63 
run-off, 58, 63 

Power, calculations, 471, 476 
electric, 522-525 
equivalents, 816 
kinds, 520 
pumps, 471 

connections, 520 
rates, 525 
well pumps, 247 
Powers of numbers, 752 
Precast concrete pipe, 376-378 
Pre -chlorination f (>54 
Precipitation, 1-37, (see Rain fall). 
Pressure, aqueduct, gradients, 281 
barometer lieights, 472 
conduits, 280 
conversion factors, 818 
distribution systems, 309 
waste relation, 400, 426 
equivalent, 817, 818 
filters, 716-720 
pipe, 376 

regulating values, 448-451 
Anderson, 451 
choice, 449 
location, 449 
loss of head, 772 
lloss, 449 
types, 448, 450 
use, 448 

-regulators, 448-451 

pumps, electric control, 525 
relief valves, 450 , • 

screens, 82 
steam, rule, 480 
strainers, 82 
tanks, 502 
trapezoidal law, 134 
tunnels, 291-296 

Catskjll aqueduct, 294, 205 

depth of cover, 291 

gradients, 281 

leakage, 294 

lining, 291 

vs. pipe liiuis, 280 

use, 280 

water, ilpward, dams, 119, 161-167 
Priest dam, eore wall, 198 
paving, 202 

Prime movers, operating costs, 521 
pumps, 474-482, 487, 520-529 
Priming, boilers, 682 
centrifugal pumps, 489 
Private water companies, clnvges, 402 
Probability, ^rainfall laws, 6 
Proportional meters, 464 
Protozoa, algicides, 679 
growth, 639 
odor, 614 

Providence, mixing tank, 660 
rainfall. 3, 5| 11 
temperature, 11 
Public watering station, 430 
Puddle, 803 
core, 195 

Pulleys, belt drive, 520 
Pulverized -fuel, 515 
Pumping, altitude, 472 
costs, 473, 832 
pipe cleaning affects, 422 


Pumping, direct system, 469 
distribution reservoir, relation, 469 
economics, 470 
enmnes, (see? below), 
fud cost relation, 512 
vs. gravity supply, 470 
head, 471 

horsepower, 471, 473 
hydraulic fill dam, 216 
low-lift, cost, 738 
machinery, makers, 470 
typos, 470 
peak loads, 471 
pressure, 472 
vs. reservoirs, 534 
stations, chimneys, 516-52( 
dry wells, 484 
duty, safe, 531 
economic design, 469 
fire hazard, 402 
hot well, 509 
instruments, 512 
suction wells, 5.30 
superstructures, 529 
suction, 472 
wells, effect, 71 
rates, 243 

wood-stave pipe leaks, 359 

Pumping engine, 

condensing, water required, 511 

cran k- an d- fl y w 1 1 eel ,474 

cylinder oalculutioris, 480 

defined, 471 

duty, 478 

erection, 486 

fire department, 401 

fuel consumption, 478 

gasoline, 526 

hot-air, 502 

hydraulic ram, 502-505 
life, 836 
lubricants, 479 
non-pulsating, 501 
piston Hpe(;d, 480 
pneumatic systems, 502 
power, 520-529 

ealciilutions, 471, 476 
r(‘eiproeating, (see below). 

K('<-co, 502 
rotary, 482 
tests, 471 
windmills, .505 

Pumping engine, reciprocating, air chamber, 474 
best, elements, 477 
boiler horsepower, .506 
vs. centrifugal, 476, 484 
chemicals applied, 666 
condensing, performance, 477 
costs, 479 

cross-compound, 475 
cylinders, proportions, 480 
discharge, theoretical, 480 
duplex, 474, 477 
efficiency, 472 
mechanical, 477 
electric drive, 620, 522, 523 
flexibility, 471 
high-duty, makers, 478 
merits, 478 
makers, 474 
merits, 476 
motors, 623 
noise, 481 
oil engines, 527 
pipe connections, 481 
power calculations, 470 
proposals, 478 
quadruple expansion, 475 
reservoir head, 469 
single, 474 
slip, 481 

steam pressure, 480* 
superheat, 508 

triph^-expansion flywheel, 475 
tnplex, 474 
triplex compound, 475 
vs. turbo-centrifugals, 499 
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Ihimijnig engines, reciprocating, typos, 474 
uhinow, 476 
water hammer, 470 
Pninpe. 469-632 
air, boilers, 610 
air-lift, 249-259 (see Air-lifi), 
aquoduot unwatering, 297 
bwt drive, 620 
booster, 470 ^ 
capacity, fires, 409 

centrifugal, 482-497 (see Centrifugal pumps), 
chain drive, 622 
for chemicals, 670 
mix, 669 

cylinder calculations, 480 
efficiency, commercial, 471 
electric drive, 522-625 
control, 469 

fire-fighting requirements, 469 
gear drive, 620 
intake pipe, 82 
Luitweiler, 602 
manufacturers, 470 
piston, merits, 470 
pit, fluctuhting rivers, 82 
plunger, 474 
merits, 476 
wells, 247 

pneumatic systems, 602 
power, 471 

calculations, 471, 476 
prime movers, 474-482, 487, 520-529 
rotary, 482 

electric drive, 522, 524 
selection, 471 
service required, 409 
single, 474 
size of units, 471 
turbine centrifugal, 248, 483 
types, 470 
wash-waterr 729 
well, 247-269 

Punching* well sinking, 232 

Q 


Quadruple expansion, pumping engine, 476 
Quarter bend, standard flanged, 345 
Quartzite, defined, 76 
ground water in, 76 
porosity, 78 

sand, specific ^avity, 641 

8 uebec, Quo. rainfall and ternperuture, 8 
uemahoning dam, core pond, 212 
pumping, 216 
settlement, 214, 215 
statistics, 219 

Quicklime, disinfectant, 632 
dry feed, 670 
formula. 677 

Quicksand, well sinking, 230 
R 


Radium, atomic weight, 078 
Radius* hydraulic, 747, 752 
channels, 209, 274 
mean, canals, 274 

Railroad, crossings, distribution system, 407 
relooationsi reservoirs, 104 
tanks, 568 

water station, intake, 81 
Rain, gages, 1 
location, 2 

storm, area affected, 93 
water, characteristics, 601, 022 
gases in, 601 
supplies, 696 
Rainfafi, l~25 
altitude effect, 4 
Continentid Blvide, 60 
data, 2-28 
precision, 2 
estimating, 3 
evaporation, 30* 
factor, 126 

frequency curves, 6 


Rainfall, ground absorbs, 72 
ground-water yield, 74 
laws, probability, 6 
maxima rates, 24^ 
maximum and minimum, 5 
mean annual dependable, 6 
mountains, 5 
ocean effect, 4 
rates, 815 

records, American, 6-22 
combining, 3 
comparable, 6 
dry years, 3 
foreign, 21, 23 
long tonii, 4 
published, 0, 42 
it-liabihty, 4 
unreliable, 2 
variation, 04 
annual, 5 

run-off, factor, .38 * 
tables, 43 60 
soil evaporation, 36 
variation, U 8 5, 7, 23 
Ram, hydraulic, 502-505 
water shock, 781 
Rate, controllers, 716, 731, 732 
water supply, 468, 832, 834 
Recorders, strejim gaging, 41 
water-levt‘1, 569 

Red Bluff, rainfall and temperature, 22 
Reducers, flanged, standard, 345, 391, 392 
Redwood, wood-stav(‘ pipe, 360, 360, 370 
Reforestation, 110 

Rep:ulating dams, open channels, 276 
Reinforced -concrete, ehitnneys, 518 
conduits, 374-376 
flumes, 278 
lining, reservoirs, 59 
pipe, (see below). 

standpipes, .548 556, (see Standpipes), 
tanks on towers, 556 
Reinforced -concrete pipes, 373-380 
advantages, 374 
carrying capacity, 374, 375 
contraction joints, 377 
cost, relative, 358 
disadvantages, 374 
durability, 375 
electrolysis, 375 « 
essentials, 373 
failure, 374 
foaling, 375 
fru’lton-head table, 755 
leakage, 378 

Lock Joint pipe, 376-378 
mixtures, 376 
monolithic, 375, 378 
Precast pipe, 375, 376-378 
rusting, 375 
siphon, ribbed, 380 
steel-cylinder pipCf 376 
Reinforcement, bona, 551 
corrosion, 324 
electrolysis, 812 
quantity, .542 
rusting, 375 
shrinkage, 543 
temperature. 540 
twisted vs. aeformed, 542 
Rennes, infiltration galleries, 260 
Reserve storage, 533-570, (zee Distribution 
reservoirs), 
size required, 534 

Reservoirs, automobile camps, 025 
bathing regulations, 026, 027 
boating, regulations, 026 
capacity, evaporation effect, 35 
circulation, temperature effect, 63$ 
clearing, 108 
covered, advantages, 639 
cylindricali capacity, 820 
deep, oxygen depleted 630 
distribution 533-570, (see Disfnbuffon reser- 
voirs), 
fences, 10$ 

fishing, regulations, 626 
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float oontrola, 4gt i 

Impounding, (see ReserwirSf Bturage), 
organic matter, source 637 
outlets, 82 
pollution. 625 
rectangular, capacities, 822 
retarding value, 99 
soil stripping, 637 
storage, (see Reservoirs, storage), 
stripped, color efToct, 037 
stripping, 108 
stumps removed, 637 
sunlight effect, 061 
temperature of water, 043 
thermocline, 638 
transition sone, 638 
water analysis, 623 
waters, filtration rate, 716 
ReservoirSf storage, 85-03 
'‘bridge piers, 104 
capacity calculations, 86 
cemeteries, 104 
compensation water, 93 
costs, 87 

floating bottom, 110 
flood effect, 94, 99 
flow line, economic, 85 
foundation studies, 118 
geology, 85 
grassing, 112 
ground storage, 86 
head works, 105 
hydrology, 85 
index of frequency, 609 
intakes, 105 
land costs, 87 
large vs. several small, 86 
largest in U S , 87 
l(*a^ge, 108, 126 
life, 836 

minor structures, 104 
outlet works, 105, 205 
overflow prevented, 92 
quality effect, 633-639 
reforestation, 110 
regulating effect on flow, 94 
rise, and waste weir, <)4 
run-off and overflow, 98 
sewers, 104 
silting, 106 
statistics, 91 
storage, ratio, 634 
units, 86 
topogipphy, 85 

watershed development, 85-115 
wind currents, 035 
yield, 87-93 

Rhine river, stream-flow, 65 

Rhone river, run-off, 63 
sediment, 63 

Richmond, Va , rainfall, 5 

Rio Grande river, run-off, 63 
sediment, 63 

Riprap, diversion weirs, 155 
earth dam, 200 


Riser pines, tanks, 563 
River, channels, Kutter’s “n,” 272 
discharge, (see Stream-fiow). 
foreign, water analysis, 620, 621 
intake, 82 
mean depth, 274 
run*off« (sec Run-^ff). 
sediment, 62, 63 
sleeve, 852 
stages, records, 42 , 
supplies, protection, 625 
velocity, high, 60 
water, analysis, 620, 622 
fdtration rates, 716 
Rivet, calking, 303 
cold driven, 302* 
countersunk, cost, 303 
edge distance, 303 
gages, 303, 306 
beads, flattening, 303 


Rivet, holes, 302 
pitch, 301, 303, 306 
steel pipe, 302 
for wrought-iron pipe. 336 
Riveted joints* 301-310 
Riveted pipes. 301-357, (see Steeil pipew)» 
Riveting, ncld, pipe, 327 
steel pipe, 302, 303 
wrought-iron pipe, 336 
Rivulana, odor, 614 
Road rollers, pT<‘Hsurc8, 206, 

Roanoke river, nm-off, 55, 56, (i9 
Rochester, conduit, flow tests, 764 
evaporation records, 32 
Rock, channels, flow, 272 
-fill dams, 189-192 
adaptability, 116 
cores, 189, 195 
ground water, 73, 70, 77 
open channels, 270 
porosity values, 78 
sluicing, 216 
springs in, 266 
Roller, crest, 104 
Roofing, paper, steel coating, 318 
w i vs steel, 335 
Roofs, reservoir, 514-547 
masonry, 709 
vs open, 538 
tanks on towers, 538 
Roosevelt dam, curved plan, 125 
data, 166, 182 
vs Morena, 190 
Root river, run-off, 69 
Ross pressure regulator, 449 
Rotary, meters, 464 
method, wells, 223-227 
pumps, 482 

electric drive, 522, 524 
Rotifera, growth, 639 
Run-off, 38-70 
calculations, 64 
Continental Divide, 60 
culvert areas, 285 
defined, 38 
diagrams, 61, 95 
distribution curves, 42 
elevation effect, 88 
equivalents, 816, 816 
estimates, 69 
factors, 38 
formulas, 61, 65, 285 
rainfall, data for estimates, 66 
tables, 43-00 
records, 42 

rainfall, ealendar year, 2 
variations, 64 
relation to rainfall, data, 1 
swamps, 87 
units, 39 
Rust, blister, 111 
Ryves, run-off formulas, 65 

8 

Sacramento, filters, 725, 744 
rainfall, 5, 22 
river, run-off, 69 
temperature, 22 
Saddles, steel pipes, 333 
St. Croix river, run-off, 69 
St. Louis, cold periods, 825 
cylinder oil specifications, 480 
filters. 721, 741 
rainfall, 6 

subsiding basin, 642 
water analysis, 620 
St. Paul, rainfall, 4, 5, 17 
storage reservoirs, 91 
temperature, 17 
Salmon creek aam, data, 139 
Salt, marshes, pipe, 418 
water (see JSea, water), 

Salton aea, evaporation,. 31 
Salts, flow measurement, 792 
formiflas, 676 
ionisation, 650 
solubilities, 004 
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Sftfld, .azi^yaia, 704 
<$ementt 794 
for concrete, 793 
cffe<!rtivc aize, 703 
oieotor, 712 

eroding velocity, 106, 276 
filter, 703 
ra^d, 720 
slow filters, 709 
fineness modulus, 793 
foundation, rfiasonry dams, 149- lo7 
hydraulio-fill dam, 211 
open channels, 270 
percolation factor, 150 
porosity, 78 
rapid filters, 720 
separators, 714 
settlement in water, 106 
sizes, classification, 793 
determined, 703 
effective, 703 
separation, 705 
slow filters, 709 
spun pipe, 395 
Subsiaing velocity, 640 
turbidity, 704 

uniformity coefficient, 80, 703 
unsatisfactory, 794 
voids, determined, 705 
washing, 700 
water-bearing, 75 
Sandstone, dam foundations, 120 
ground water in, 76 
occurrence, 76 
porosity, 78 

San Andreas dam, statistics, 218 
San Antonio, fiooo, 03 
San Diego, storage reservoirs, 91 
rainfall, 5, 23 
San Dieguito, dam, 144 
San Francisco, earthipuike, S28 
high-preHSur<‘ fire sybittn, 102 
rainfall, 4/20, 22 
storage reservoirs, 91 
temperature, 20, 22 
San Leandro dam, statistics, 2is, 219 
San Mateo dam, curved plan, 135 
data, ](>6 
earthquakes, 125 
uplift, 119, 16t> 

Santa Barbara, infiltration gallery, 203 
Santa F4, rainfall, 5 
Santa Maria dam, statistics, 218 
Saratoga wells, fiuctuation, 73 
Sarco, 315 

Scendesmus, odors, 013 
Schaefer dam, mati'nals, 211 
Schist, ground water in, 77 
norqsi ty, 78 

Schizomycetes, algicides, t»79 
Schoharie reservoir, clearing, 110 
Scioto, dam, data, lt»2, 172 
river, sediment, 63 
Scituate reservoir, fiushbourds, 103 
Scobey, flow, wooden htav< pipe , 7()(5 
Screening, well, rotary method, 228 
Screens, aqueduct, 297 
cleaning devices, 82 
intakes. 81, 82 
lifter, 298 
pressure, 82 
submerged, flow, 771 
weU, 237 
damage, 244 

Screw pipe, electrolysis, 352 
Scrubbers, filters, 605 
Sea water, cast-iron pipe affected, 416 
evaporation, 26 
fire use, 402 
freezing, 420 
oxygen dissolved. 599 
pressure, conversion, 818 
water analysis, 623 « 
wells, 246 , , . 

Seattle, rainfall and temperature, 21 
s torage reservoirs. 91 
Second-feet, equivalents, 81o 


Sector gates, 104 
Sediment, rivers, 62, 63 
settling rate, 106 

transportation, 106 i . . ‘ 

Sedizmtation, 633-639, 640-644 
basins, distribution reservoirs used, 53( 
theory, 640, 643 

Seepage, evaporation includes^ 26 
open channels, 269 
Semibituminous, defined, 513 
sizes and nnaljrsis, 514 
Semi -Diesel engines, 527 
Semihydraulic, construction, dams, 209 
Service pipes, 431-434 
brsHs, 132 
failure, 807 

cernent-hnod, 374, 432 
cleaning, 422 
connections, 431 
relative (‘asc, 381 
tapping machines, 420 
W'ood pipe, 366, 367 
copper, 432 
corrosion, 431, 587 
fnction-licad, 760 
fungi clog, 588 
galvanized, 432 
grounding circuits, 432 
laying, 432 
l<‘ad, 432 
leakage, 428 
life, 431, 836 
materials, 431 
sizes, 431 
standards, 432 
thawing, 421 
welded, 348 

w 1 , spt cifirafions, 349 
Service reservoirs, (see Distribution rtstnoir/t) 
Services, extensions, cost , 832 
illegal, 423 

water waste, 423, 424 
Settlement, matc'nals in water, 106 
Settling basins, 640 (>44 
Sevier bridge dam, core, 191 
failure, 205 
statistics, 220 
Sewage, bacterial life, 610 
detection, water, 585 
disiufeetioiv 631 
eifiueni, analysis, 591 
streptococci, 59{F 
on watersh(‘ds, 027 
Sewers, distribution system, 400 
a’’op-down curves, 273 
flu4niig, water consumption, 572 
impc'uuding n'scrvoirs, 104 
pipe, flow, 708 

Shafts, eeutrifug;il pumps, 485 
spillway, reservoirs, 94 
tunnel, 291 
Shale, dams on, 125 
ground water in, 76 
porosity, 78 
Shear gates, 455 
Sheet piling, cores, dams, 194 ' 

Sheeting, core wall, 191 
Shenandoah river, run-off, 57 
Sherburne Lakes dam, drainage, 205 
gates, 104 
statistics, 220 
stream control, 206 
Sherman Island^'dam, uplift, 120 
Shoes, wood-stave pipe, 361 
Shoshone dam, 139, 166, 182 
Shrubs, ornamental planting, 111 
Shrunk and peened, joint, pipe, 340, 342 
Shutter, (see Flaahboard)* 
stop plank, 299 
Silicon, atomic weight, 678 
Silt, allowance, Indian reservoirs, 106 
effect on algae, 297 
intakes exclude, 81 * 

percolation, 71 
pressure on dam, 122 
removable, subsidence, 640 
nver records, 62, 63 
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v^Jocity, 640 

l^ios 

weight, 678 




: pipe, 806 

j mna reserves, 835 

a» culverts, 284 

Refined, 

« / i^^ehtB, 281 
lU^SuliC losses, 270 
P&p 770 
cutvps, 410 
nsprvoir outlet 203 
spfllwuys 101 
Stee? mpe 307 
Slje effective 703 
Sliite, porosity 78 
Sleeve, joints, 140 
pipe 420 
river, 352 

Slichter, ground water flow, 78 
Slip, joint, no 
pumping t ngines 181 
Slopes, earth dams 203 213 
Slow filters, (set PtUera) 

Sltuee gates, 451 
discharge, 746,772 
i(or high heads 103 
seats bron*( 805 
Stoncy 104 
Sluicing, 216 
clay 210 

Smita system, infiltration 260 
Smokestack, (see Chimruy) 

Snake River dam, 1U3 
statistics 210 221 
Snow, evaporation 34 (I ig 0) 
measurement 1 
ramfUl equivalent 6 
rfmoval water consumption 572 
run off 38 
water nnalysis 622 
Soap, hardness effect 681 
Soda ash, 650 
dry foe d 072 
formula 677 
package 677 
wat< r softening 683 
caustic formula 677 
package 677 
volume weight 678 * 

water soft ( ning 681 
Sodium, atomic weight 078 

carbonate soda ash volume weight 
chloride coaguUrH 65) 
taste G02 


67S 


hydrate, volume weight 67S 
hypochlorite 662 
salts feirrnulaS 67t) 
silicate corrosion 656 6f 1 
thiosulfate volume w ight 67S 
Sodom dam data 16( 183 
Softening, watei (»80 661 (see W li r & fttniny) 
Soil, aeration 62S 
alluvial springs 2()7 
bacteria 004 
corrosion 387 420 
eroding velocities 276 
evaporation 35 
organic matter 602 
permeability, 77 
porosity 78 
stripping 108 
reservoirs 6 37 

Solids, suspended American rivers 63 
water carries 62 
Solubihties, salts 664 
Solution tanks. 660 
Solutions, application 666 676 
rate of flow, table 669 
Somerset dam, construction, 200 
materials, 211 * 
statistics, 218, 219 
Sonofone. 425 
Sonograpn, 425 
SonoBCope, 425 


Sooke River ctfnduit, 375 378 
Soundings, stream gaging, 40 
SourceiL water supply, protectioUt 023~-632 
South Haiwee dam, cut-off, 195 
Spanish River .dam, water control 1 58 
Specials, pipe steel 381 
welding, 346 
Speed, spt cific 480 

Spier Falls dam, data, 102, 166, 173, 184 
Spillway, 03 104 
aqueduct 281 
backwash, 202 
capacity 0 4 91 
channel fequisites 146 
velocity 27() 
dam, 146 ItS 161 1(2 
discharge diagrams 00 
ceonomic le ngtfi 07 
gitos bloeking 101 
movable crests 103 
proportions 0 4 
rainfall data 1 
siphon 101 

surcharge at Oklahom i City 145 
Spiral-riveted pipes, 3 38 31() 

Spokane, r iinf ill 5 
Spray-nozzle aerators, 040 ( IS 
Spnng Valley Water Co , me nt joints, 1 1 5 
pipe coating 318 
storage res(r\oirs 91 
welded joints 352 
wrought iron pipe 335 
Spnn^eld, (Mass ) filters 708 710 71) 
steel pipe coating IK) 

Springfield, () softe mug pi int ()87 
Springs, 201 2()8 
elussifie ition 266 
d v( 1 pme nt 2( b 
g( )1 gieal conditions 267 
nous s 268 
eccurrenec 71 
p lliition 606 
in r k 266 
m s )il 2()7 

water an ilysis 501, 022 
b le ( n i ()()4 
bact fe)li 605 
pre)t etioM <>30 
we Ils inte rft re 22 4 
yi Id 266 

Sprinkler systems, 40 3 

Spruce, DoiigUs oriiamentil planting 111 
forestry 111 

Neirway eirname nt al pi in ting 111 
white orname ntal pi lilting 111 
wood stave pipes 360 
Spudding, wells 224 
Stacks, 516 520 (see ChtmtK /) 

Standley Lake dam, st itistu s 210 
Standpipes, e artheiuakes, S2S 
lack of economy, 544 
ladde rs 536 
life 8 36 

pumping rclatiein 4()0 
re mfore ( d concre t 548 556 
architectural treatment, 5)6 
calculations 540 
cement gun 551 
coatings 555 
concrete proportions, 550 
(onstruction 551 
dimensions, 549 
disfiguration 654 
floor-and wall joint 552 
le ikage 549 550 554 
me mbrancR 556 
merits 542 
reinforcing steel, 550 
repairs 555 656 
spalling 554 
vs steel 548 
stre sac a 549 
valve chamber 55J 
watc rprofifing 550 554 
size required 535 
steel 558 562 
anchorage 558 
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Standpipes, steel, architecture, COl 
dimensions, 558, 559 
flfulure, 558 
foundations, 558 
large, 558 
life. 561 
makers, 558 
painting, 561, 562 
plates, 560 
protection, 813 
vs reinforcH^d concrete, 648 
shell. 560 
speeihcations, 562 
use, 534 
surges, 783 
use, 534 

\ivater hammer effect, 782 
Starters, motor, 524 
State, control of dams, 160 
regulation, water supply, 829 
Station, public watenng, 430 
pumping, (see Pumping) 

Stauwerke gates, 104 
Steam, 507 

boilers, 506~'512 (see Boilers). 
consumption, turbines, 500 
engine, operating cost, 521 
vs. gas, 526 
lbs per i h p,, 472 
pressure, rule, 480 

pumps, (see Pumping engines^ reciprocating) 
turbines, 497-501 

vs Diesel engines, 528 
economy, 499 
makers, 497 
merits, 499 
operating costs, 521 
regulations, 498 
stuffing boxes, 409 
typos, 498 
use, 497 
weight, 507 

Steams, yield studies, 87 
Steel, oast, superheat, 409 
coagulants affect, 669 
corrosion, 809 


-cylinder pipe, 376 
flumes, 277 


pipes, (see below) 

standpipes, 558-562 (see Standpipes). 
work, painting, 814 
wrought, 349 
vs. wrought iron, 335 
Steel pipes, 301-357 
air valves, 446, 447 
anchorages, 330, 334 
bends, 330 
bridge, 334, 339 
bunipjoints, flow effect, 765 
capaefty, 322, 324, 761-705 
required, 280 
vs cast-iron, 301, 309 
cleaning, 314 
closure piec(w, 329 
coating, 315-322 

Angus Smith tar, 315 
aspnaltura, 318, 322 
bitumastic enamel, 317 
bituminous, centrifugal, 315 
demerit, 325 
bliaters, 322 
burlap coating, 318 
comparisons, 315 
Coolgardie pipe, 318 
defects, 321, 322 
electrolysis protection, 317 
experiences, 326 
fauure, 325 
field Joints, 321 
lunotion, 315 
^graphite, 317 
mineral rubber, 389 
protection, 328 • 

repaii^, 321 
roofing paper, 318 
shop, 3l5 . 

Spii^ Vattay Water Co., 318 


Steel pipes, coating, Springfield pipe, 
tar-cement paint, 321 
tests, 316 

U. S. Reclamation Service, 3} 9 
water-gas and coal-gas tar i^int, 319 
oolUpse, 310, 312, 357 
commercial, 349-356 
bends, 352 
designations, 349 
dimensions, 350 

disfinguished from wrought-iron, 349 
installations, 355 
joints, 352-355 
nomcnrlature, 349 
service pipe, 349 
specifications, 349 
weight, 350 
t oncretc juek< t, 322 
concretc-lmed, corrosion, 306 
design, 313 

conduit, capacity required, 280 
connections, 333 
corrosion, 325, 810 
costs, 304 
relative, 300 
cross-sectioner, 357 
curves, 330 
cutting, 340 
deformation, 356 
details, 33 } 
deterioration, 325 
distribution system, 399 
doublt*-rivetpd, head and weight, 305 
durability, 325 
earth load, 356 
earthwork, 320 

electrolysis, 301, 326, 399, 811 
preventives, 430 
erection, 326-332 
experience, 356 
failure, 310, 312 
air valves, 4t6 
field, calking, 328 
riveting, 327 
flanges, 340, 342-346 
flow, 322, 324, 701-765 
gate valves, 330, 334 
head lost, 433 
high-pressure systems, 301 
intake, 82 

joints, riveted, 301-310, (see Steel 
riveted) 

laying, 320-332 
li akage, 356, 428 
lif^, 32b, 836 
locK-bar, 311 
capacity, 762 
fabneution, 312 
failure, 312 
merits, 312 
specifications, 311 
manholes, 333 
Mannesrnann, 355 
merits, 301 

mortar lining, 322-326 
oiling, 314 
pickling, 314 
pit tings, 32b 
mill scale, 348 
plates, 310 
plugs, 333 
repairs, 356 
riveted, calking, 303 
field, 328 

capacit;^ 312, 768, 762-765 
age effect, 764 
vs. c. i., 301, 399, 762 
'table, 765 
diameter, 311 
vs c. i., 762 
discharge, 762-765 
distribution system, 399 < 

flow, 761-765 

fnction head, 768, 761, 762, 766 
joints, 301-310 
butt, 301, 302, 309 
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8iA^ IHSm, riveted, joints, calkins, 303 
mrcular seams, 301 
costs, 304 
design, 306-310 
double riveting, 301 
edge distances, 303 
efficiency, 303 
failure, 301 

junction of seams, 309 
lap, 301, 307, 308, 765 
long, seams. 301 
pitch of nvet, 303 
rivets, 302, 303 
stove-pipe, 304 
lap, 301, 307, 308, 765 
laying, 326-332 
rivfting, field, 327 
rivtts, countersunk, cost, 303 
saddles, 333 

seamless (see welded below) 
shop calking, and testing, 306 
riveting, 303 
siphons, 313 
gradients, 281 
sires, 311 

speciils, welding, 310 
tapend, 304 

tubereulation, 315 322, 705 
spiral-riveted, 33S 110 
advantages, 339 
coating 339 
expencncj 3 39 
flangrs, 310 
flow, 760 
joints, 339 
makers, 3 38 
manufacturing, 339 
pitents, 339 
specials, 339 

stream crossing, 416-419 
stresses, 338 

thiekness and weight, 341 
swamps, 329 
temperatun effects, 356 
testing, in field, 3 32 
shop, 306 
thickness, 310 
tubereulation, 315, 322, 705 
twin pipe line s, 329 
valve eonne ction, 330 
weight, 301, 305 
welded, 348 355 
advantages, 348 
bends, 352 
disadvantages, 348 
discharge, 705 
failure, 347 
installations, 355 
joints, field, 352 355 
manufacture 348 
Mathesem, 352, 353 
o d , 349 

dimensions and weights, 351 
vs riveted steel, 348 
spee ifieations, 349 
strength, 347 
welding, 346, 347 
well casing, 351 
well casing, 234, 351 
whitewash, 314 
vs wood stave, 359 
vs wrought-iron, 335, 349 • 

Stokers, 508 

Stone, paving, earth dam, 200 
Stoney sluice gates, 104 
Stony brook, run-off, 68 
Stony River dam, 145, 146 
failure, 125 
dashboards, 103 

Stop, disks, reservoirs intakes, 82 
planks, 299 
Storage, available, 86 

bacteria, affected, 637, 038 
r^uction, 633 
coeffioiientB, 90 
color reduced, 634, 635 
defemeation, 700 


Storage, filtered waters, 639 
gallery, 203, 204 
ground, 74 
reservoirs, 86 
waters, 639 
mu rodrganisms, 638 
natural, run-off, 39 
period, 633 

reserve, 533-570 (see Dtstnkuiton reservoirs) 
types, 534 

reservoirs, 85-03 (see Rvstrvotrs, storagt) 
systems, statistics 91 
turbidity reduction, 633 
units, 86 

water 85 93, 53) 570 (see Resmoirs) 
cjuality effect, 0)) 0)9 
Storm rates, 2 1 
Stovepipe, casing 227 
corrosion 216 
joints, pipe, 301 
method, well sinking 223, 225 
Strainer, pressure S2 
system, rapid filters, 72) 
well, 237 

Strawberry dam, eon, 19S 
settlement, 190 

Stream, eoeffieient of \ in it ion, 89 
control e nth dims, 20 > 
earth dams 205 
masonry dams 1 57 
crossings pipe 116 119 
deposits ground watc r in 77 
flow, )S 7() (s( e also Hun-ojff ) 
calculations 61 
data utility 39 
defined iS 
cejuivale nts, 815 
mass di igr iin 88 
maximum, di igrahi, 01, 95 
iniiiiimiiTi, t)l 
records 41 63 

10 year, fallacy, 65 
seepage augments, 72 
sell pun he all on, 007 
gagings 39 
records, 42 
seour e ipieity, 62 
underflow, 71 
velocity high, 00 

Street flushing, w iter c onbumptioii, 572 
Stripping reservoirs, lOH 
Strontium, ufomic weight, 678 
Stuffing boxes, 188 499 
valves 111 
Stumps, re in oval 109 
re se rvenr. t> J7 

Submerged pipe lines, 116 419 
Subsidence, in basins, 610 t)44 
in storage rese rvoirs, 0 ) ) 6 39 
the orv, 640, 04 ) 

Suction, feet, to viemim 817 
lift pumping, 472 
wells pumping 5'’0 
Sudbury, aijueduet, bridges, 290 
cleaning, 297 
fouling 296 
tunne I { avf-in 290 
dam, statistic s, 219 
reservoir, color reduction, 631 
paving, 201 

river, run-ofl 15 f»7, 68 
watershc d, raiiif ill, 1, 5, 9 
te mpe raturc 9 
yield, 87 4 , x 

Sulfate of alumina (see Mum) 

Sulfur, atomic weight, 678 
Sulfuric acid, p ic k igc , t»77 
volume -weight, 678 
Sunlight bleaching action, 035 
disinft e tion, 661 
Sunol aqueduct bridge^ 290 
Sunshine, data, 27 
Superheat, benefits, 508 
Superheaters, 508 
Superheating, 508 

Superstructures, pumping station, 529 
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Surface, CoudeuBcrR, 511 
V8 ground waters, 71 
run*off, 3S-70 
VC wells, 1^32 

SurgCsi open olui&aols, 275 
|)ipes, 781 

Surveys, electrolysis, 429 
water Viraste, 424-426 
SttMuehanna River, run-ofl, 50, 51 
West Branch,c-'‘un-oflf. 40 
Stttfo weir, 788, 791 
Suviana, multi ple*ai:eh darti, 142 
Swamps, c ; pipe, 388 
drainage, 630 
evaporation, 86 
grubbing, 109 
run-off, 87 
steel pipes, 320 
•jneld effect, 85, 92 

Sweetwater, dam, data, 130, 16G, 183 
height rawed, 160 
reservoir, silt, 107 
Sylvester’s process, 800 
Synedra, odors, (513 
Synura, odor, 614 
tastes, 663 

T 

Tabeaud dam, statistics, 218, 220 
Tabellaria, odor, 614 
Talbot formula, run off, 2S4, 285 
curve, 61 

Tallulah dam, flashboards. 104 
Talus, dam on pervious found ition 1 55 
Tamp^ ria , rainfall, 5 
Tank flanges, 346 
Tanks, alum solutions, 6()0 
cylindrical, calculations, 512 
capacities, 820 
merits, 542 
filter, dtsign, 511 
mixing, filters, (>(>0 
rectangular, cap 1(1 tn s S22 
on towers, bottom, foim, o03 
dual tank, 534 
earthquakes, 82S 
economy, 534 
firi. stream capacity, 535 
industrial use 5J() 

* ladders, 536 
piers, 565 

reinforced conen tf, 556 
riser, frostproofing, 534 
roofs, 538 
size r<q Hired, 535 
sizes, 5(>2 
Steel, 562 565 
!found itioris, 564 
pip<s, 5t)3 
&pe( ific ations, 56 3 
standaid, 5(>4 
towers, 5(»3 
vs wooden, 566 
use, 534 

wooden, 566-569 
capacities, 567 
creosoting, 569 
life, 569 
vs steel, 566 
towers, 569 
usefulness, 566 
weight, 567 

Tapping machines, 420 
Tar, cement paint, 321 
coating, c 1 pipe, 388 
concrete surfaces, 798 
steel pipes, 315, 319, 320 
Tastes in water, chlorination, 663 
Tatnuck Brook, run-off, 68 
Tee. loss of head, 769, 770 
reducing, flanged, 392 
standard flanged, 345 
Temescal dam, statistics, 219 
Temperature, effects, masonry dams, 122 
steel pipes, 356 
evaporation, 29 


Toittperature^ remfotoimient, ooncreMij, 
ruh-dff factor, 38 
gedimcntation effect, 643 
ti^opics, 29 
U S records, 6-22 
Tenax, solution, steel pipe, 317 
Terrace reservoir dam, cost. 210 
gates, 105 
materials, 211 
stitistics, 219, 220 
Texaco, 315 
Thawing, pipes, 421 

Thermometers, ele e tnc, m masonry, 123 
Thermophones, masonry, 122 
watci si Ildus, 634 
Thirlmere dam, data, l(i6, IS 3 
Threaded pipe, 393 
Throttle dam, core, 196 
overtopped, 202 
statistics, 220 

Throttling, ((nlnfugal pumps, 484, 488 
\alvc8, 436, 411 
remov ibic, S2 

Tidone Barrage, multiple -arch, 144 
Tieton, canal, surges, 275 
dam, core, 197 
mate ri ils, 211 
Tiles, conen t( , 373 
'VKllcasing 234 
Till, drfmrd, 76 
ground wat( r in, 76 
Tillotson brook, run-off, 68 
T’mberj lift , 3t)9 
Timbering, treat hes, 1 26 
Tin, itoinu 'weight, 678 
(oriosion, SOS 
Tirso dam, d ita, 1 4 1 
Titicus dam, d ita, 166, 184 
siturition, 204 
Tohickon creek, run-off 69 
Toledo, high pitssurt fire systtm, 402 
ruinf ill 5 

Tombigbee river, run-off, 69 
Tompion, wood-pipt 365 
Tools, w( 11 sinking, 22 1 233 
Topography, ground-witer rtlation, 72 
impounding rtstrvoirs, 85 
run-off fn( tor 38 
Toronto, drifting sand filtt rs, 697 
filters 739 

liigh-prt ssure fire systems, 402 
rainf ill and tempt r iture, 8 
watt r, b icteria 612 
Torrent meters, 464 
Tower, intakes, 81 
tanks, 563 
wooden tinks, 569 
Transmission machinery, 520 
Transpiration, 36 111 
evipt>ration indudts, 2(> 

Transportation of water. Part Til, 269 380 
Trapezoid, centroid, 133 
c hariTif 1 s€ ction, 269 
Trapezoidal, law pressure, 134 
wfir, 787 

Trees, ornamental planting, 111 
Trench, east-iron pipt , 404, 405 
timbering, 126 
viood-stave pipe, 361 
Trenching machines, 406 
Trenton, filters, 741 
Tnple -expansion, pumping engine 475 
Triplex, compound pump, 475 
pump, 474 

clt etne drive, 523 
Tropics, average temperature, 29 
Trout, chlorine* kills, 665 
Troy, N Y , storage reservoirs, 91 
Truck loads, valve chamber covers, 827 
IViberculation, pipe, 322, 387 
Tucson, Anz , rainfall, 5, 21 
temperature 21 
Tufa cement, 794 
Tulip, omamentaJ planting. 111 
Tulsa, conduit, 375 
Tumolo reservoir, leakage, 108 
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aqueduiit, 290-296 (d^e A0ie^ucl») 
gtade, gradionts, 281 
grouDd-water admitted, 291 
tiee, 280 

intake, 82, 292, 293 
leakago, 294 
U(r, 836 
luune, 291-294 
pressure, 291-296 
depth of cover, 291 
gradients, 281 
leakage, 294 
lining 291 
vs pipe linos, 2S0 
use, 280 

reservoir outlet, 94 

Turbidity of water, alum quantities, 660 
coasulation required, 050 
roemucnt 594 
origin. 001 

records American rivers tiS 
removal eoagulsting basins, 731 
rapid hltirs 729 
test 585 594 

Turbine, in< t( rs 404, 405 
pump, centrifugal, 483 
wells, 248 
steam, 497-501 

vs Diesel enKinc, 528 • 
economy 499 
makers, 497 
ments, 499 
operating cost 521 
regulations, 498 
stuffing boxt s, 499 
types, 498 
U8( , 497 

Turbo-centnfu ‘ ^ 

Centrifufja 
defined, 471 
economy, 409 
existing plant 501 
performance 477 
vs reciprocating pumps 409 
types, 499 

Turlock dam, data 102 173 

Typhoid, bacilli icc 013 
longevity, Oil 
tests 589 
vitality 037 038 
fever, death rates, 592 


gai, l.see j. urmn^ aim 

I pumps) 


TT 


Ultra-violet rays, 005 
Umbrella well head, 258 
Underdrains, rapid lilt ( rs 723 
slo-w filters, 708 

Underground water, (see Ground unUr) 
Umflow pumping engine, 475 
Uniformity coefficient, 80 70 i 
United States, altitude s tables 82( 
army cantonments i50 307 421 124 
barome ter records, 820 
cold period 825 

Reclamation Service, concrete specifications 
700 

dams uplift 119 
earth rolling specs , 207 
evaporation studic*® 31 
ingot iron pipe H 138 « 

metal flumes 277 
open channels, 269, 270 
pipe coatings 319 
wood pipe, life, 370 
Treasury, water quality standard 590 
Weather Bureau, evaporation formula, 30 
ram gage. 1 

rainfall data, 1. 2, 7-23 
wind velocity rccoreis, 826 
Universal, cast-ivm pme, 305 
Unwin formula, pipe flow, 754 
Upper Deer Flat dam, statistics 220 
Dpper Otay dam, data, 167, 184 
Uranine, ground-water studies, 72 
Urbana, defemsatidn plant, 701 
Urft dam data, 167, 184 


Uroglena, odor, 614 
Uruguay river, run-off* 68 
sediment, 63 

V 


V-notcb meter, 459 
Vacuum, conversion to lynches, 81 
overflow dams, 147 • 

steam boilers, 611 

Valuation, materials, hfc considered* 9^6 
waterworks 830 
Valves, air, 446-448 
Crispin 447 
design 440 
discharge 448 
flow of air 772 
negative-pressure 447 
use 446 
vaults, 359 4t7 
wood stave pipe 372 
altitude 451, 530 
butierflv, loss of he id 772 
chamber rovers loads 827 
standpipe 551 
check, 451, 452 

cross connections 403 
loss of head 770 
substitute 443 

darn, replacement shutters 105 
distribution reservoirs 530 
flip 453 
foot 4 52 480 

gate 4 3(» 410 (hoo Gnf talus) 
globe loss of head 772 
hydraulic, 453 
life 83b 

miscellaneous forms 451 454 
needle 105 453 
plug cinun 297 
pressure regulating, 448 451 
Andersen 151 
choice 419 
location 119 
loss of he id 772 
Ross 449 
types 4 IS 450 
use 448 

quie k operating 454 
relief water hammer 782 
throttling re movable, 82 
Van Stone joint, 340 
Variation, coe tficie nt 89 
Vault, air V ulvo 359 147 
gatr valvr 440 
Vegetable acids, we ak 654 
Vegetation, clearing 109 
evaporation, 37 
floating bottom, 110 
rainfall int ere opted, 60 
run off factor, 39 
wntertable relation 72 114 
Velocity, critical, t h time Is 271 
diagram 753 
eepjivalcnts 816 
eroding 100 

ground water measurrnient 74 
head diagram 75 3 
high absorption 274 
rivers bO 
meters 404 
particles moved 753 
scouring 753 
sluicing, 216, 217 
stre ams, variation, 41 
subsiding, particle s, 640 
Ventun, effluent controlle r 732 
meters, chormeal feed <>(>8 
description 459 
filters 710 
hydraulics, 460, 461 
installing. 461 
pump pulsations, 461 
reducing bend, 469 
tube proportions, 460, 462 
Verdigns, 808 
Verdite, seolyte, 687 
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Vermeule, evaporation studies, 27 
Vicksburg, Miss., rainfall, 5 
Victaulic joint, pipt, 394 
ViUar dam, data, 167, 185 
Vitrified pipes, 373 
flow, 768 

Voids, determination, 79 
Volvox, odor, 614 
Vyrnwy dam, datfe*,, 162, 173 

W 

Wachusett, aqueduct, bridges, 289 
cleaning, 297 
cracks, 287 
section, 282, 283 
tunnel, unlined, 296 
channel, regulating dams, 276 
dam, data, 167, 186 
ice thrust, 118 
masonry laying, 159 
uplift, 116, 167 
dikes, saturation, 204 
wooden sheeting, 194 
north dike, statistics, 219 
reservoir, cemeteries, 104 
color reduction, 634, 636 
forestry, 112 
stripping, 109 
water analysis, 623 
river, run-off, 46, 67, 68 
watershed, rainfall and temperature, 10 
Wall castings, 382 
Walls, core, for dams, 193-198 
counterforted, 542 
cut-off, dams, 126 
reservoir, 541 

Walnut Grove dam, failure, 126 
Waltham, Mass., rainfall. 3 
standpipe, 550, 554, 556 
Wanaque, acpidfluct, concrete mix, 283 
dam, core, 197 
flashboards, 103 
section, 282 
slopes, 281 
stream control, 206 
waterslnid water, quality, 609 
Warsaw, Poland, rainfall, 23 
Washington, D.C., cold periods, 825 
filters, 710, 740 
rainfall, 5, 14 
. subsiding basin, 642 
temperature, 14 
water analysis, 020 
Washington nr, wood-stave pipe, 360 
Waste, of water, 423 -426 

weirs, design, 14 6- MS, 161, 162 
Water, acidity, test, 598 
air in, 779 

analysis (see Examination of water), 
bearing geolog 3 ^ 75 
boiling, 583 
point, 507 
bottled, use, 71 
bubbles, rate of rise, 780 
character, 583-624 
classes, characteristics, 001-624 
Collection (Part II), 81-268 
color, coagulation, 650 
pure, 583 

reduction, 634, 635, 655, 729 
standard desired, 637 
tests, 588, 594^ 
colored, coagulation, 654 
purification, 651 
companies, charges, 402 
compensation, 93 
concrete, 796 
consumption, (see below), 
contamination, sources, 637 
control, masonry dam, ,157 
costs, 832 

cushion, overflow dams, 148 
Delivery of (Part III), 269-380 
density, 583 

discharge, equivalents, 819 
Distribution of (Part IV), 381-581 


Water, drop, equivalents, 815 

examination, 584-601, (see Examination), 

■ famine scare, 88 
filtered, storage, 639 . 
freezing, 421, 583 
-gas tar coating, 319 
gases, absorbed, 584 
dissolved, 583 
glass, 661 

ground, (see Ground water). 
hammer, direct pumping, 469 
pipes, 781-785 
practical results, 782 
pressure regulators, 449 
reciprocating pumps, 476 
wood-stave pipe, 372 
hard, 680 

limestone regions, 76 
hardness, 680 
significance, 586 
tests, 596, 602 
units, conversion, 597, 681 
wells, 222 

horse-power, equivalents, 819 
impounded, sunlight effect, 661 
incompressibli;, 583 
-level rt'corders, 569 
light absorbed, 584 
measures, equivalents, 818 
meteoric, ehiiracteii.sties, 601, 622 
gases, 603 

modulus of elasticity, 781 
(idors, iron bacteria, 588 
significance, 585 
tests, 595 

polluted, analysis, 591 
power, equivalent, 817 

pressure upward, masonry dam.s, 119, 161- 
167 

properties, 583 
pure, pH value, 650 
properties, 583 

purification (see Water treatment) . 
quality, standards, 590 
storage eflTect, 633-639 
quantity, equivalents, 815, 819 
ram (pump), .'')02-505 
ram (shock), 781 
rates, 832 

equivalents, 81!^ 
red, cau.se, 661 
river, (see Water, surface). 
sate, guarant(H*, 625 
sampling, 736 
sew'ago detected, 585 
soft, open storage, 639 
softening, (see below), 
solution, power, 583 
station, railroad, intake, 81 
storage, 85-93 (sen' Reseruotrs). 
quality effect, 633-639 
time element, 620 
value, 625 

supply, sources, protection, 625-632 
yield, (see YieXd). 
surface, bacteria, 610 
characteristics, 606 
dissolved gases, 606 
industrial wastes, 613 
mineral matter, 612 
odors, 612 * 

organic matter, 607, 612, 613 . 
organisms, 608 
pollution, 606 
putrefaction, 610 
sewage pollution, 607 
sources, protection, 625 
tastes, 612 

surfaces, evaporation, 33, 34 
-tabic, depthi 72, 222 

vegetation relation, 72, 11^ 
tastes, iron bacteria, 588 
wood pipe, 371 

• Transportation, Part III, 269-380 
treatment, (see below), 
turbidity, significance, 585 
teat, 594 
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W|lter» unaccounted for, mains, 423 
pump slip, 482 

underground, (see Ground water) ^ 
vapor, tension, 29 
volume, 583 
waste, 423, 572 
pump slip, 482 
weight, 815 
equivalents, 618 
well, hardness. 246 
protection, 237, 030 
wholesome, analysis, 591 
year, 3 

Water consumption, 571-582 
agriculture, 575 
cantonments, 571 
per capita, 571, 573, 570-581 
increase, 407 

distribution losses, 423-428 
domestic, 571 
English statistics, 573 
fires, 402, 572 
forecasts, 575 
hotels, 571 
iced water, 571 
industrial, 571, 570 
large cities, variation, 534 
lawns, 571 
leakage, 425-428 
metering, effects, 468, 573 
night flow, 575 
pressure relation, 400, 426 
public uses, 572 

pumping engines, condensing, 511 
sewer system, 423 
slip, pumping engine, 482 
sprinkler systems, 403 
statistics, 572, 570-582 
variation, 573, 574, 582 
New York, 534 
waste, 423, 572 
pump slip, 482 
water unaccounted for, 123 
water-closets, 571 
Water softening, 680- 694 
boiler feed water, troubles, 081, 682 
economics, 681 
filters, 001 

hard waters defined, 680 
hardness, 080 • 

lime, 655 

municipal plants, 691 
Columbus, O., 692 
Defiance, O., 093 
types, 088 
operating, cost, 738 
results, 091-094 
processes, 082-094 

barium carbonate, 085, 089, 093, 094 

boiler compounds, 087 

carbonation, 086 

caustic soda, 684 

economy, 682 

heat value, 690, 691 

hot, 691, 094 

• lime-barium, 685, 089, 093, 094 
lime-soda, 682, 085, 093 
vs. zeolyte, 08(> 
overtreatment, 685 
permutit, 086 
Keisert, 689, 694 • 

soda ash, 056 
Sorge-Coehrane, 691, 694 
types, 687 
n^-fu-go, 689 
zeolyte, 686, 687 
soap, 081 
sulfate limits, 682 
weighing chemicals, 073 
Water treatment, (Part V), 045-745 
aeration, 644-Tfi49 
coagulation (see Coagulation). 
colloidal cl^, 033 
contact baffles, 095 
corrosion effect, 001, 810 
costs, 738, 832 , 

deferrization, 699-701 


Water treatment, degasification, 695 
‘ demanganization, 701 
disinfeetion, 661-666 
distillation, 695 
drifting sand filters, 697 
filters, double, 696 
intermittent, 696 
preliminary, 095 
rapid, 710-731 
slow, 705-710 
filtration, 702-745 
inelc-rs affected, 405 
pipe,rleaning effect, 423 
incrustations, 813 
ruin water, 695 
scrubbers, 695 * 

sedirnentatif>n 033-639, 610-644 
statistics, 703, 739 715 
in tropics, 697 

Waterbury dam, h^akage, 194 
Watering station, public, 430 
Waterproofing concrete, 799 801 
tanks. 550, r>.->l 
incorporated, H()| 

Watershed, defined, 3S 

dt'velopment by reservoirs, 85-115 
leakage, 108 
overflow jirevcuded, 92 
reforestation, 110 
run-off, (see Run-off). 

formulas, 61 
sanitary jjatrol, 02r) 
sewage dl^posa^, 627 
shapes, run-off, 39 
slope, evaporation factor, 27 
small, inimnium run-off, 61 
yield, diagram, 68* 
btudn‘s, 87 

Watertown, subsiding basin, 612 
Waterwheels, pump drivt*, 525 
Waterworks, appraisals, 829 * 

bonds, 832 
costs, 832 

depreeintion, 830, 832 

tinaneing, 829-830 

labor, cost, 831 

materials, cost, 831 

owneishiji, public vs private, 820 

btate regulation, 829 

valuation, 830 

Waves, grassing protection, 112 
lieight, 199 
pa\ing injured, 201 
Wedge-rod method, wells, 225 
Weight, metne, conversion, 5S4 
Weirs, flow’ measured, 78.’) 7‘.»1 
liuzin’s formula, 785, 791 
box, 790 

discharge, diagram, 97 
tables, 780 
error, 42 

Francis formula, 785 
proportional, 787 
rectangular, 785-787 
Sutro, 788, 791 
trapezoidal, 787 
triangular, 787, 790 
overflow, 93-104 
aqueducts, 281 

on pervious foundations, 119 157 
skimming, 530 

waste, design, 110-148, 101, 102 
eronomie length, 97 
Weld, strength, 317 
Welded pipe, 348-355, (.se<> Strd pipe), 
well easings, 224 
Welders, selection, 346 
Welding, autogenous, 348 
east-iron pipe, 420 
forge, 318 
fusion, 348 
hammer, 348 
steel pipe, 346, 347 
Well, 222-259 
areas, flooding, 74 
arrangement, 238 
\ artesian, 75 
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WeUt artesiaik, jetting, 228 
liack*blowing, 231, 244 
bacteria enter, ^28 
casing, 224, 226, 233 
corrosion, 246 
dimensions, 351 
safe, 630 
sinking, 22^ 230 
dogging, smalt diam , 75 
combination dug and dnlled, 235 
concrete, 234 
covers, 235, 631 
safe, 630 
curbs, 233, 631 
deep, dryness, 73 
protection, 630 * 

purity, 604 
vs shallow, 222 
Binkidg, 223 

depth moasurement, 242 
drainage, masonry dams, 119, 100 
drill holt di flection, 287 
drilling methods, 223—233 
prospecting 72 
drive pipe, 224 
driven, objections, 233 
dug, 233 
in clay 76 
vs drilled, 222 
pollution, 628 
protection, 631 
earthquakes, 828 
farm yard, bact roll, 604 
flow, 238, 241 
gravel packing 238 
hydraulics, 238 
vs infiltration galleries, *260 
interference, 239, 245 
kinds, 222 
large vs si^ll, 222 
leak detection, 246 
life 243 
lost supply, 243 
tnamtenano( 243 
percolation, 211 
polluted odors, 602 
pollution, 222, 606 
protection 233 
pumping rate 243 
pumps 247-259 
air-lift, 249-259 (see Air4ift) 
oentnfugal 248 
efficiency 248 
tlectnc, 248 
houses 249 
manufaotur( rs, 217 
plungir 217 
power 247 
turbine 248 
in rock, futile 73 
salt-watt r interft rcnce, 245 


sand excluded, 237 
screen, 237 
damage, 244 
dnve point, 231 
sr^eemng, rotary method, 228 
shallow, vs deep, 222 
protection, 631 
purity, 604 
sinjang, 231 
shooting, 230 
idnkihg methods, 223-233 
anger bori^ 231 
b^ders, 235 

223. 225 

oMIIed shot, 230 
days, 236 
core drills, 229 
d^c^iiea^ 236 

mud, 235 


sinking methods, pole*>tod method, US# 
precautions, 226, 230 
punching, 232 
quicksand 236 
rotary method, 227 
self-cleaning method, 225 

stovepipe method, 223, 225 
tools lost 235 
wedge rod method, 225 
siac, 238 

small vs large, 222 
spacing, 238 
specific capacity, 240 
strainers, 237, 244 
successfm, conditions, 222 
suction, 630 
supply increased, 230 
testing, 240 
tools, 223-233 
typos, comparisons, 222 
watpr, analysis 591, 622 
bact coh 604 
yield, 74, 75, 240 
Wellesley Arch, bridge 290 
Westerly, standpipe, 550, 551, 552, 553, 554 
Western Australia, rainfall 21 
Weston, aqueduct, cleaning, 297 
section 282 
reservoir rore 197 
Wet connections, pipes 419 
Wiesbaden, subtc rranean galh nes, 264 
Wigwam dam, data, 167 
Wilkes Barre, storage reservoirs 91 
Williams and Hasen formula, 764 
WiUow, ornamint il planting, 111 
Wilmington, Del . filters 740, 742 
Wilmington. N C . rainfall, 5 
Wind, factor, r^vaporation, 28 
load tanks, 558 
prissim masonry dams 119 
run-off factor 39 
\ elocit V ri c ords 82(> 

Windmills, 505 
vs hydraulic rim 502 
Winnipeg, aqueduct burlap coating 818 
enpadty 280 
concrete failure i75 
construe turn 4b3 
eie tcnoratioii, 797 
joints 287 
settle me nt, 282, 286 
slopes 281 
te nperaturcH 288 
high pressure fire svHfem, 402 
Wood (see also Itmher) 
e homicals attae k 009 
decay, 369 

for wood stave pipe, 360 
Wooden flumes, 276 
Wood-stave pipe, 358-372 
air valves, 369, 446 
bridges. 372 
capacity, 368, 766 
age e ffect, 766 
coating 371 
collapse, 359 
conduit details, 372 
continuous-stave 360-363 
construction. 360 
cost, relative , 350 
defined. 358 
design, 362 
laying, 361 

vs machine made 365 
shoes, 361 
staves, 360 
tongues, 300 
cost 372 

relative, 358, 359. 369 . 

creosoted 369, 371 
curves, 361 
design, 371 
disadvantages, 359 
distortion. 859 
durability. 858, 569 



;ptee, - : 

'y-;plBwp.Qf ' iafe^ ;359 ' ^ ''Vi'.'" 

BBB, 34S3-446" ?. w.-f'ij- 
'U^ifm,zns‘ . :■ ■•■:;■■ .■ ■:■■%■• 

M,*W, 368,:7d6\ 
j^;rlfjcl^on4i«ad 

;; ; Kutier's formtila, 766 > 

fe leifck^ S58. 35 a, 368 
^ mp6, 836 

358, 363^368 

aiicltoriige, 366 
b&atU, spacing, 364 
oantoament troublc»^ 350 
t i. 367 . " 

iV»i cotiWi^^bys, 365 ' 

obit, i^blative, 359, 368, 869 , 
ctove?, 366 
jdbfitiedi 358 
; daiigp, 366 . 

JEitetern vb. Western, 364 
H^bow, 367 

fn distribution syatems, 367 

joints, 364 

kiibds, 363 

laying, 365 

leakage, 368 

manufacturing, 363 

repairs, 366 

service connections, 366, 367 
troubles, 359 
wires, macing, 364 
merits. 358 
pressures, 358, 359 
principle, 358 
pumping, leaks, 359 
salt marshes, 358, 418 
speoifioatjons. 372 , 

staves, requiremehtsi 358 
vs. steel, 359 
water hammer, 372 • 
woods, 860 

Worcester, storage reservoirs, 91 


Wrowit |fOi|» coiTotioiiy Sin 
du^iUty, 384 
pi|>e,. oomm^rciidj 349 
dimeMnns and wights, 330 
rtvatod 834r388 
Vi steel, 335, 340 
stream drossings, 416 
superiori ty i d# 

W^dihg, 349 
vs. steel, 335 

-/'r ^ ■ ■ ' Y ■■ /.. . 

Y-brinch^ standard flanged, 345 : 
Yaaktbn, rainfall, 5 
Yam, weight per join t, 412 
Yarrow dam, statistics, 220 
Ye8r, climatic or seasonal, 3 
rainfall and run-off records, 2, 3 
^ water, 3 

Yield* equivalents, 815, 816 
ground water, 74, 75 
watershed, 87- 93 
deffned, 38 
storage reflation, 85 
water surface effect, 91 
wells, 240 

Yuma^ rainfall and temperature, 21 
resc^rvoir, silt, 108 

Z 

Zeolyte, water softening, 686, 687 
Zifta regulator, 152, 153 
Zinc, atomic weightt 678 
chloride, disinfectant, 632 
corrosion, 808 
poisoning, 5S7 

Zola dam. data, 139, 167, 185 * 
Zuni, dam, statistics, 220 
reservoir, silt, 100 









